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INTBODUC?riON 

Th«  laat  dacada  haa  Man  tha  invantion  and  davalopmant 
of  acannim  tunnalina  microacopy  <STM)  and  atomic  forca 
microacopy  <AFM).  ui  1986,  tha  invanton  ot  STM,  Binni< 
and  Ri^irar  (Al),  raoeivad  tha  Nt^  Prize  in  Phyaka  lor  thair 
accompliahmant  Anaariyaipooantial  incraaM  inthanumbef 
of  puracatioot  daacribinc  apptuatioaa  of  STM  and  AFM  hat 
oocunad  during  tha  pant  faw  yaaia.  Thia  raaurkabla  growth 
it  tha  baat  indication  that  thaM  and  ralatad  acannad-proba 


tachniqtiaa  art  baing  widaly  accaptad  at  analytical  toola  for 
addraaaing  Aindamantal  itauaa  in  phyaka,  dMmiatry,  biology, 
and  anginaaring. 

Thia  manuacript  raviawa  tha  litarature  concaming  STM. 
APM,  and  othar  acannad-proba  micnacopiaa  from  January 
1  througb  Dacambar  15,  1991.  Racant  raviawa  on  Surface 
Charactaruatkm  (A2)  and  Chamical  Microacopy  (A3i.  pub- 
liabad  in  thia  journal,  raport  on  davriopmanta  ana  applicationa 
of  STM  and  AIPM  through  tha  and  of  1990.  The  literature 
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citad  in  thia  review  it  taken  from  a  aearch  of  the  STN  In¬ 
ternational  Database  and  Current  contenta.  A  significant 
number  of  citations  are  from  the  Proceedings  of  uie  Fifth 
Intemational  Conference  on  STM/Spectzoaoopv  and  the  First 
Intemadonai  Conference  on  Nanometer  Scale  Science  and 
Technology,  published  in  the  Journal  of  Vacuum  Science  it 
Technology  B,  Volume  9, 1991.  This  latter  volume  contains 
an  excellent  collection  of  research  articles  that  are  repre¬ 
sentative  of  current  trends  in  the  STM/AFM  conununitv. 

STM  is  uaed  throughout  this  review  as  an  interchangeable 
abbreviation  for  both  scanning  tunneling  mmoeoc^  and  the 
scanning  tunneling  microecope.  AFM  is  similarly  um  as  an 
abbreviation  for  both  technique  and  the  instrument 

A.  BOOKS  AND  REVIEWS 

An  extensive  review  of  the  theoretical  and  emrimental 
aspects  of  STM  is  given  by  Cbm  (A4).  The  NATO  ASI  svies 
briok  (AS),  entitlM  Scanning  Tunneling  Microtcopy  and 
Related  Methode,  edited  by  Behm,  Garda,  and  Rohmr,  dia- 
cuaeas  recant  devdopnents  in  the  thaoty  mid  plications  of 
STM  and  AFM.  as  weU  aa  related  optical  ana  acoustic  mi- 
croeor^ieo.  This  aacioa  addreaaee  upUcations  of  STM  in 
inveet^tiona  of  OMtltBiid  samiooBductor  eurfacae,  organic 
and  biological  malaUB,  aid  liquid-eoUd  interfaces. 

Much  recent  eftet  has  been  devoted  to  the  design  and 
chancteriaotioii  afpe^  t^  The  affects  of  the  electnc  field 
surrounriing  the  t9  •  a  ninde mental  iaaue  in  addressing 
surface  daman  frer^oantly  r^Momd  durinc  imaging  and  in 
enmioying  StM  fw  tntenoonal  suifKe  moaifioBtioiia.  Binh 
and  Garaa  addrea  these  erAjsets  in  a  review  deeiing  with  the 
rde  of  STM  tips  in  km  emission  and  surface  nudting  (Ad). 
The  ueehilnea  at  the  STM  in  ha  ability  to  manipulate  atoms 
and  molaculae  on  a  surfacs  in  a  controlled  fashion  has  been 
reviewed  by  Eng  and  Fudia  (AT). 

Sevan!  review  ortidn  deal  with  spedfk  appUcetioaa  cf  the 
STM.  Gimaewsld  haa  considered  the  interpreutkm  of  the 
structural  dstailB  obaerved  in  imans  of  metalB,  molsculae,  and 
bmkigkal  eoenplaxM  in  terms  of  electronic  diarge  contours 
(Ad).  Mataga  and  Panetta  rnported  on  the  use  of  STM  for 
studyii^  Langmuir--Blodtstt  fitina  (AS).  Lieba  and  Wu  have 
extenstvely  studied  chugs  denai^  wavea  in  low-dimensional 
materials,  such  as  tantalum  dienalcogenidasj  and  have  re¬ 
viewed  the  effseta  of  metal  subotitutira  in  tneee  nuiteriala 
(AiO).  The  ektronk  structure  of  small  metallic  poiticlw  and 
their  interaction  and  modulation  of  the  substraU  electronic 


structure  is  reviewed  by  Saltier  (AlU.  Surface  diffusion  of 
metal  atoms  os  ofaeerved  by  several  microscopic  techniques, 
indudiag  STM,  has  also  been  reviewed  (AI2). 

The  principles  and  operation  the  electrochemical  STM 
are  discuesed  by  Chideey  (AJ3).  Shortcomings  of  this  tech¬ 
nique  in  the  study  of  materials  which  are  not  atomically  flat 
are  discuaeed. 

AFM,  like  STM,  is  capable  of  imagii^  surfaces  with  atomic 
resolution  but  can  image  both  conductive  and  ncmconductive 
samples.  Developed  by  Binnig,  Quate,  and  Gerber  in  1986 
(AI4),  the  AFM  luu  similar  status  end  flexibility  in  us^e 
aa  the  STM.  In  AFM,  a  iharp  tip  >*  mounted  on  a  micro¬ 
cantilever  arm  and  rastered  acroM  the  sample  surface.  In  s 
typical  configuntion,  the  deflection  of  a  light  off  the  back  of 
the  cantilever  is  used  to  monitor  the  force  applied  by  the 
cantilever  on  the  sample.  In  systems  of  this  type,  forces  as 
smsll  M  ICT*  N  sre  applied  to  the  sufaetrate.  thereby  reducing 
damage  to  the  sample.  A  useful  review  of  the  subject  high¬ 
lights  five  cantilever  drive  syitems  and  seven  deflection  de¬ 
tection  systems  (Af5). 


B.  INSTRUMENTATION  AND  PROBE  TIPS 

Several  lesearcben  describe  bmne-built  STM’s  (Bl,  B2)  and 
novel  coarse  poeitioniiu  devices  (Bd,  B4).  Various  calibration 
methods  (e^.,  an  inductive  displacement  transducer  and 
Mkhaheo  interfetomster)  for  the  inezodectric  element,  which 
controls  the  fine  poeition  of  the  tunneling  tip,  have  been 
oompaied  (S5).  Stsptwara  et  rd.  have  combined  &  STM  with 
the  AFM  for  simultaneous  imeym  of  the  repulsive  contact 
forcea  and  auiface  conductance  netween  a  probe  and  sample 
and  present  data  for  graphite  (J36). 

STM’s  are  now  being  integrated  into  muhifuncttonal  surface 
analysis  inatrumenta  where  a  number  of  measurements  or 
sueniee  modifications  can  be  performed  on  the  temple  without 
removal  from  the  instrument.  Some  of  the  combinations 
induda  an  optical  microscope  (B7),  molecular-beam  epitaxy 
tyOem  (J38),  and  IR  reflection-edaorption  spectrometer  (B9). 

Interest  in  ferromagnetic  materials  and  superconductors 
hae  lead,  in  parti  to  the  development  of  a  magnetic  force 
microecope  beied  on  the  STM.  This  instrument  can  simul¬ 
taneously  mewRira  topography  and  manetic  forcea  betvreen 
aflexibiemagnstic^aiMthatampie(fi/0,fiN).  Variations 
on  thia  tachnology  iisclude  STM’s  which  can  detect  tpin-po- 
larised  electrons  and  thus  magnetic  structures  at  the  atomic 
scale  (fii2)  or  which  can  detect  epetially  resolved  spin-po¬ 
larised  secondary  electrons  emitted  from  the  aample  with  the 
STM  operatiim  in  the  field  emission  mode  (Bl^. 

StoU  and  Gunsewski  have  compared  atomically  resolved 
images  of  Au(llO)  1X2  and  CuUll)  using  botn  the  con¬ 
ventional  and  diffenntial  modes  of  STM  (fii^.  Hieautlumi 
conclude  that  the  difRnential  mode,  whidi  is  a  phate-sensitive 
technique  rleeigned  to  reduce  noise,  results  in  an  increase  in 
the  \/f  component.  Variations  in  the  local  conductivity  and 
topognqthy  of  copper  samplaa  have  been  simultaneouely 
momtoirM  by  anaqrais  of  the  hk^frequemv  component  of 
the  tunneling  current  noiee  (BlS).  A  acanning  ch^cal  po¬ 
tential  microacope  (SCPM)  haa  been  devalopad  to  measure 
thermoelectric  potential  variatirms  related  to  atomic  scale 
variatioDB  in  the  sutfisoe  chemical  potential  gradient  (816). 
The  thermoelectric  voltage  pn^uoM  at  the  tunnel  junction 
between  a  tip  and  lample,  which  is  heated,  is  meaeured  si- 
muhaneoualy  with  the  STM  cunent  imagea.  KotdicataLhave 
uaed  a  two-oimanekmal  STM  to  imam  the  interface  between 
the  p-  end  n-time  tagioiiB  of  a  biased  Si  p-n  junction  (BIT). 

Yeu  ft  aL  (BI8)  have  usod  a  novel  electrk  field  effect  to 
deposit  gaiKphaas  A1  atoms  in  local  regions  directly  beneath 
Uw  STM  tip.  This  tedmiqua  ellowt  for  writing  of  nanome- 
ter-simd  faaturea  on  aurfooea. 

Tha  STM  currant  can  ba  enhanced  or  controlled  by  pho- 
toescitatkia  of  eiectroak  tnnsitioae  within  the  tunnel  junc¬ 
tion.  Vodeka  at  aL,  for  instaaoa,  have  illuminated  tunnel 
junctions  with  laaa  radiation  during  STM  meaauramenu 
(B19,B20).  A  dc  currant  generated  by  rectifying  Uie  laser 
light,  oombinsd  with  a  diflatoioe-fraquaQcy  si^iaL  ia  uaed  to 
obtain  otomkalty  raadved  imam  of  gnphita  and  to  control 
tha  tip-to-aampla  separation.  This  syetm  allows  image  ac- 
quiaitirm  without  on  axtemal  ai^liad  bias  voltage,  and  may 
be  suitable  for  the  study  of  inwlatore.  In  order  to  study 
adiorbetes  at  the  STM  interfiaoe,  Gniktroem  et  al.  irradiate 
the  tunneling  gap  with  two  laser  bsema,  one  resonant  with 
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the  adsorbate,  and  suppress  the  thermal  contribution  to  the 
tunneling  current  by  moduiatiiu  the  amplitude  of  both  beams 
wth  a  180*  phM  shift  (B21).  With  this  system,  small  changes 
in  the  tunneling  current  induced  by  reaonant  optical  excitation 
of  the  adsorbate  can  ^  detected. 

Several  authors  have  described  photon  scanning  tunneling 
microecopes  (PSTM),  in  which  the  tunneling  of  photons  from 
an  evanescent  wave  originating  at  the  substrate  to  a  optical 
fiber  tip  is  monitored  (B22-S2I5).  Jiang  et  aL  have  constnicted 
a  high- resolution  PSTM  (80-nm  resolution)  employing  a 
AlGaAs  diode  laser  (S27).  I^TM  can  be  operated  to  measure 
photon  spectra,  isochromat  spectra,  and  anfiular  photon 
distributions  and  to  map  local  photon  intensities.  Pnotoas- 
sisted  scanning  tunneling  spectroscopy  (STS),  based  on  illu¬ 
minating  a  semiconductor  substrate  during  imaging,  has  been 
used  to  study  WSej  {B28),  Si(lU)  and  Si(OOl)  (Bz9),  n-type 
InP(lOO),  p-type  GaAsdOO)  {B30).  CuInS^  1331}.  AL,Ga,^ 
heterostructurea  (332),  and  lnAs,P,.,/InP  quantum  well 
structures  (333). 

A  comparwn  of  several  low-temperature  STM's  operating 
in  liquid  helium  has  been  reported  (A34).  Gieaaibl  et  aL  have 
constructed  a  UHV  combined  AFM/STM  operating  at  4.2 
K  (335),  and  Cohen  and  Wolf  have  designed  a  microwave 
coupled  cryogenic  STM  (336).  Variable-temperature  STM's 
(BdT)  have  been  developed  for  investigating  the  sulMtrate 
structure  and  electronic  properties  of  superconductors  (e.g., 
Pb  films  (&38)).  org^c  conductors  (eg;.,  TTF-TCNQ  (fiJ9)), 
and  layered  transition-metal  dichalcogenides  (e.g.,  IT-TaS] 
(340)). 

Moeller  et  aL  have  used  the  thermal  noise  within  the  tunnel 
junction  to  operate  an  STM  at  xero  bias  between  the  sample 
and  tip,  thus  allowing  small  differences  in  the  potential  (with 
a  resolution  of  1  >tV)  at  various  noints  on  a  polycrystalline  Ag 
sample  to  be  detected  (341).  sTM  systems  with  potentioe- 
tatic/galvanoetatic  control  of  the  sample  and  potentioatatic 
contrm  of  the  STM  tip  have  been  reported  (B42).  (See  also 
section  F).  Yuan  et  al.  have  proposed  a  new  method  for 
imaging  nonconductive  samples,  sum  as  biological  complexes, 
which  relies  on  the  surface  condeiuation  of  water  molecules 
to  provide  a  path  for  the  electric  current  (which  is  carried  by 
ions  rather  uxan  electrons)  (343). 

New  advances  in  AFM  instrumentation  include  a  high¬ 
speed  AFM  (344),  a  rocking  beam  electrostatic  balance  for 
measuriiu  small  forces  (345),  an  interferometer  to  measure 
the  cantilever  deflection  (346),  high  precision  positionina 
stages,  and  an  X-Y  scanner  whose  dupiacement  is  controlled 
by  a  two-dimensional  optical  interferometer  (34  T)  or  by  a 
two-dimensional  optical  beam  displacement  sensor  (348). 

Techniques  for  meaaurii^  the  surface  photovoltage  on 
semiconducting  samples  using  attractive-mode  AFM  have 
been  reported  (349, 350).  The  AFM  potentiometer  allows 
measurements  to  be  made  in  air  with  a  spatial  resolution  of 
a  few  tens  of  nanometers  and  a  voltage  remution  of  leas  than 
1  mV.  Denk  and  Pohl  have  used  the  AFM  to  iman  the  local 
electrical  dissipation  between  the  AFM  probe  and  a  layered 
GaAs/ AlGaAs  substrate  by  monitoring  the  mechanical  Q 
during  scanning  (351).  Barrett  and  Quate  have  developed 
8  scanning  capadtanoe  inicrosoope  baeM  on  the  AFM  which 
can  simultaneously  monitor  the  capacitance  between  a  con¬ 
ducting  tip  and  substrata  and  the  film  topography  as  a 
function  Of  lateral  positkn  (£62).  The  AFM  empknwl  in  the 
capacitive  force  sensing  mods  can  be  used  to  map  the  dopant 
profile  in  semiconductors.  Limits  in  the  sensitivity  and  res- 
olutimi  of  the  method  are  described  by  Abraham  et  aL  (£53). 

The  probe  tip  remains  a  major  concern  in  STM,  tunneling 
spectroscopy,  and  AFM  measurements.  Characterization  of 
the  atomic  arrangement  and  chemical  composition  of  atoms 
at  the  tip  remains  important  in  understanding  how  these 
parameters  affect  imam  and  spectroacc^ic  data.  A  combi¬ 
nation  of  the  atmn  pnme  and  field  emission  electron  energy 
spectrometer  have  been  used  to  characterise  the  atomic 
configuration  of  the  tip  apex  (384).  X-ray  photoelectron  and 
Auger  election  spectroscopies  have  been  used  to  identify  the 
primary  surface  contaminants  on  electrochemically  etched 
tjM^rten  STM  tips  as  CO,  graphite,  WC,  arid  tungsten  oxide 

Several  unusual  STM  tips  have  been  described  during  the 
past  year.  The  tunneling  chara^ristica  and  mwphology  of 
Mo  tips  covered  by  adsorbed  Si  atoms  (356)  was  reported. 
Venkataswaran  et  al.  have  reported  staircase-shaped  /-V 


tunneling  curves  in  a  oxidized  Si  tip-graphite  substrate 
iunction,  resulting  from  a  Coulomb  blockade  enect  in  the  oxide 
layer  of  the  Si  tip  (357).  Ikebe  et  al.  have  discussed  the 
interpretation  of  imam  of  graphite  when  a  comer  of  a  ReO., 
sii^e  crystal  is  used  as  the  tunnelii^  tip  in  STM  i£5Si 

The  application  of  micromachined  Si  force  sensors  m  .AFM 
have  been  discussed  (359),  as  well  as  etching  techniques  for 
mass  producing  Si  sensors  (£60).  Hellemans  et  al.  imaged 
diamond  tips  and  metallic  tips  in  a  tip-to-tip  configuration 
in  the  AFM  and  discuss  the  roies  of  the  tip  and  sample  on 
the  resulting  images  (361).  Drexler  has  proposed  s  class  of 
AFM-like  devices  that  would  allow  imaging  of  the  same  sample 
area  with  an  array  of  moleculsu  tips  of  atomically  defined 
structure  (MTA)  (362).  MTA’s  could  have  various  chemical 
binding  sites  which  would  enable  local  nanofabrication  by 
specific  chemical  interactions  with  the  surface. 

C.  THEORY 

Due  to  the  relative  novelty  of  STM  and  AFM  as  surface 
analytical  tools,  the  vast  majority  of  experimental  reports 
consider,  albeit  at  a  qualitative  level,  fundamentel  issues  re¬ 
lated  to  producing  in^e  contrast.  In  both  STM  and  AFM. 
the  interaction  of  the  probe  tip  with  the  surface  are  of  par¬ 
amount  importance  in  image  interpretation  and  in  surface 
modificationa  and  damage  (see  also  section  E).  The  recent 
literature  cited  below  reflects  these  concerns.  Questions 
continue  to  arise  concemti^  the  ability  to  obtain  high-reso- 
lution  imagea  under  conditions  where  strong  physical  and 
chemical  forces  may  alter  the  tip  and/or  suba&ate  structure. 

Theoretical  studiea  focused  on  relating  the  surfrue  electromc 
charge  distribution  to  the  contrast  observed  in  STM  images 
continued  from  the  IdSO’s;  a  larger  percentage  of  this  effort, 
however,  is  now  focused  on  materials  (solids  and  adsorbates) 
other  than  pyiol^c  graphite,  which  dominated  the  attention 
of  theorists  for  the  past  5  years.  Repreaentative  articles  from 
this  field  are  cited  in  the  foUoiring  diactiaeion. 

The  STM  tip  has  been  modeled  a  polyatomic  crystalline 
surface  where  the  total  tunneling  current  is  the  sum  of  the 
currents  from  tip  atoms  to  each  subaUate  atom  (Cl).  This 
model  cen  account  for  siMrperiodic  structuiea  frequently 
obeerved  in  STM  images.  Using  a  fim  princmiea  local  density 
approximation  method  with  the  tunneling  Hamiltonian  for- 
miuiim,  the  arrangement  of  atome  (a^.,  W,  Pt,  C/W,  and  TiC 
clutten)  et  the  tip  apes  has  been  shown  to  have  a  larger  effect 
on  the  STM  ima^  than  the  chemical  compoaition  of  the  tip 
(C2).  Tsukada  et  aL  have  also  modeled  the  differencee  ob¬ 
served  in  STM  imegM  and  STS  ctirvee  for  clusters  (e.g., 
WioIllO),  WulllO),  W„(110),  end  Pt,oinil)  with  different 
geometries  (C3). 

laindman  end  Luedtke  have  extenaiveiy  studied  the  me- 
chanica  and  dynamics  of  the  tip-eubalrate  interactions  in  STM 
and  AFM  (C4).  Using  large-scale  molecular  dynraica  cai- 
culationa,  they  simulated  atomic  scale  evrats  occurring  uuring 
approach  of  a  Au(IX)l)  tip  to  a  Ni(OOl)  substrate,  the  subse¬ 
quent  jump  tOMint  contact,  and  retraction  of  the  tip  from 
uiesubstnte.  (Jhen  end  Hamers  have  calculated  tbeiuyerent 
barrier  height,  including  tip-eemple  forces,  in  STM  mea- 
surementa  and  found  agreemmit  between  calculated  end  ex¬ 
perimental  data  (C5). 

Tha  rola  of  the  image  potential  in  the  absence  and  presence 
of  surface  states  baa  been  diacuased  by  several  authors  (C6, 
C7).  Methods  havs  been  diacuased  for  determiniu  the  ef¬ 
fective  surface  potential,  baaed  on  measuring  the  differential 
conductanca  or  on  meaeur^  the  apparent  barrier  height  at 
vaiioua  tip-aanmle  seperatkma  (C8).  llie  effect!  of  quantum 
states  inauced  by  the  geometry  of  the  tunnel^  barrier  st 
small  tip-to-sampla  distances  has  also  been  diecussed  (C9). 
Garde  has  shown  that  nagative  reaistanoo  characteristics  for 
a  tip-vacuum-NidOO)  junction  cen  occur  due  to  the  presence 
oflocaliaedturlaoebetnerstetaa(CiO).  Dank  aixl  Pohl  have 
solved  Laplace’s  squation  for  a  matallic  or  dielectric  tip-to- 
sample  geomativ  and  discuaa  tha  importance  of  electromag¬ 
netic  fields  and  plaamons  in  inelastic  tunneling  and  light 
emission  during  tunneling  (CJff). 

Saas  and  Gimxawski  havs  qualitatively  discussed  the  sp- 
plicabillty  of  the  STM  for  studying  electron  traiufer  in  so¬ 
lution  St  the  metal-electiotyta  interface  and  the  role  of  solvent 
dynamics  in  the  electron-exchange  procses  (Ci2). 

Ah  initio  quantum  mechanical  oalculatkHis  have  been  used 
to  interpret  the  contrast  in  STM  images  of  Mt^,  and  MoTe, 
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(ClJ).  A  two-band  Peierb-Hubbard  model  was  used  to  study 
the  superiattice  phases  in  halogen-bridged  mixed-valence 
traoaitioo-oiatal  linaar  MX  chain  cmnplexea  (C;4).  Using  the 
Landauer  formula  for  the  tunneling  current,  good  agreement 
between  calculated  and  wqierimentd  STM  images  for  benzene 
on  Rh(lll)  has  been  obtained  (CIS).  Joachim  has  also  dis¬ 
cussed  the  conductance  of  a  single  molecule  in  terms  of 
through-bond  tunneling  and  through-space  tunneling  (C/6). 
The  influence  of  small  moleculee  such  as  water,  ammonia,  and 
methane  on  the  enern  of  the  highest-occupied  electronic 
states  of  benzene,  which  are  involved  in  the  tunneling 
mechanism,  has  also  been  considered  (CiT). 

Theoretical  calculations  of  the  v'3  x  v'3  Ag/Si<lll) 
structure  based  on  a  honeycomb  chained  trimer  model  have 
been  presented  and  compared  to  STM  images  (C/S.  CIS). 
Kariotis  and  Legally  have  modeled  various  terrace-edge 
properties  such  as  the  distribution  of  kink  lengths  and  edge 
displacements  on  vidnal  surfaces  (C20).  Molecular  dynamics 
calculations  were  used  to  model  the  reconstruction  of  the 
Si(OOl)  surface  and  determine  the  relative  stabilities  of  the 
c(2  X  2)  and  (2  x  l)  dimers  (C2I).  Self-conaistent  quantum 
chemistry  cluster  calculations  were  used  to  determine  the 
effects  of  bias  and  surface  defects  on  the  appearance  of  the 
dimers  in  an  STM  image  (C22).  Tanaka  and  Tsukada  have 
used  Green’s  function  method  to  obtain  the  local  DOS  in  a 
superconductor-aemiconductoi^uperconductor  junction  and 
have  compar^  their  reaulta  to  experimental  data  (C23). 

Intennetatkw  AFM  images  reouiree  careful  consideration 
of  the  surface  forces  (diaperaion,  electrostatic,  etc.)  between 
the  tip  and  substrate.  A  general  theory  for  AFM  tip  inter- 
actiona  in  the  contact  force  regime  which  relies  on  taking  force 
derivatives  along  the  surface  to  enhance  the  images  has  been 
described  (€24).  Girard  and  Bouju  have  used  a  aw-consistent 
formalism  to  determine  the  dispenion  equation  of  the  coupled 
electromagtwtic  modes  between  a  rough  surface  and  diele^c 
tip  and  relate  these  results  to  AFM  iwisging  (C25).  van  der 
Waaia  interaction  forces  between  a  metallic  tip  and  nooplanar 
dielectric  have  been  modeled  and  related  to  the  AFM  oper¬ 
ating  in  the  attractive  mode  (C26,  027).  Various  approxi- 
mauons  used  to  relate  the  previously  found  diaperaion  reU- 
tiona  to  simpler  models  (i.e.,  continuum  description,  pairwise 
summation  models,  etc.)  have  also  been  pro  posed  (Cm 
Hartman  baa  modeled  the  van  der  Wai^  forcea  between  the 
tip  and  aample  in  AFM,  on  the  basis  of  macroacopic  quantum 
fim  theory,  and  shows  that  the  VDW  forces  reflect  the  surface 
dielectric  properties.  In  addition,  the  presence  of  highly  pc^ 
Ikjuida  m  the  gap  has  been  shown  to  Muce  the  VDW  forces, 
reducing  the  timdency  for  the  tip  to  jump  to  contact  with  the 
substrate  (C27). 

Ducker  et  sL  used  the  AFM  to  measure  the  force  between 
a  silica  sphere  attached  to  an  AFM  cantilever  tip  and  a  flat 
planar  surface  of  NaCl  and  demonstrate  that  the  forces  are 
consistent  with  the  double-layer  theory  of  colloidal  forces 
except  at  very  short  distancea  (C2S).  Krantzman  et  al.  have 
compared  calculated  conatant-focce  mode  AFM  images  of  the 
two  cleavage  planes  of  the  1 100)  surfiKe  of  d  ji-leudne  and  find 
that  they  are  virtually  mdiariiiguiahable  if  the  tip  ia  modeled 
as  a  cluster  (C30).  In  oontnat,  a  distinction  between  the  two 
surface  planes  may  bo  amda  if  one  monitors  the  variation  in 
topography  aa  a  functian  of  fane  in  different  scans.  Ab  initio 
total-energy  folnilatkae  of  the  interaction  potwtial  between 
graphite  and  Pd  have  bean  reported  (C3f).  The  atomic  scale 
modulatkm  of  the  ffictwo  force  and  the  stick-slip  motion  at 
the  interface  of  the  Pd/naphite  ayatem  in  a  friction  force 
mkroaoope  ia  diacusaad  (C32)  and  used  to  model  the  effects 
of  long-range  VDW  forcea  on  the  tip-substrate  interaaion 
(CJ3).  ForteKla  et  aL  have  also  alloyed  a  theoretical  model 
of  tip-subatnte  interactions  in  AFM  to  discuss  discrepancies 
betsraen  the  thickness  of  lubricant  fifana  as  measured  AFM 
and  eliipaometry  (C34). 

D.  INTERFACIAL  STUDIES 

D.I.  Metal  Sarfaoaa  and  Clostars.  STM  ia  well  suited 
for  investigating  the  nucleation  and  growth  of  metal  films  on 
atcnnically  flat  metal  and  semiconductor  substrates.  A  sig- 
niflcaat  fraction  of  artidas  puUkhed  during  the  last  year  focus 
on  thia  area,  with  particular  attention  given  to  uitra^h 
vacuum  studies  of  weil-ikflned  substrataa.  Metal  deposition 
on  insulating  substtates,  such  as  polymer  films,  can  be  in¬ 
vestigated  using  AFM  but  has  not  Men  as  extensively  re¬ 


searched.  The  large  body  of  literature  describing  .'sTM  and 
AFM  investigations  of  metal  films  and  clusters  prohibits  an 
extensive  survey  of  the  literature  in  thia  field;  the  following 
sections  are  intended  to  indicate  current  research  activities 
and  to  demonstrate  the  capabilities  of  scanned-probed 
methods.  The  literature  is  organized  by  the  nature  of  the 
substrate  (i.e.,  metals,  semiconductors,  insulators,  etc  i 
Specialized  and  related  research  areas,  including  surface  re- 
conatructiona  and  ion-implanted  surfaces,  are  reviewed  below 
in  separate  sections. 

Metal  Substrates.  Au  single  crystals  are  often  chosen  as 
a  subatrate  for  nucleation  and  growth  studiee  due  to  the  choice 
of  severid  preparations  that  ^eld  clean,  atomically  flat  sur- 
facea  (^hambUss  et  aL  studied  the  inhomogeneous  aggregation 
smd  growth  of  Ag  in  the  monolayer  regime  on  Au(  U 1 )  iDl  > 
Thia  same  group  found  that  Ni  deposited  on  AuillD  nu¬ 
cleated  in  ordered  islands  commensurate  with  the  v  3  x  22 
reconstruction  (D2,  D3).  In  other  studies,  the  deposition  of 
submonolayer  coverages  of  Fe  on  Audi  1)  yielded  polygonal 
lalanda  (fee  structure);  however,  at  three  monolayers,  a  tran¬ 
sition  to  the  bcc  structure  occurs  (D4).  The  electrocrystal¬ 
lization  of  Cu  on  Au(lll)  was  found  to  preferentiallv  nucleate 
at  defect  sites  and  step  edges  (05).  Nlagnusaen  et  al.  inves¬ 
tigated  electrocrystallization  of  Cu  on  Au(Ul)  and  AudOOi 
and  obaerved  quasi-hexagonal  and  hexagonal  adlayer  lattices 
(D6). 

Poetschke  and  Behm  have  studied  that  the  interfacial  strain 
between  Cu  and  Ru(OOOl)  using  STM.  A  structural  trans¬ 
formation  from  the  more  tightly  bound  first  Cu  layer  to  a 
unidirectional  contracted  second  Cu  layer  was  observed  (D7). 
Poetachke  et  al  also  studied  the  deposition  of  Cu  and  Au  films 
on  Ru(OOOl)  and  found  that  differences  existed  in  the  two- 
dimensional  nowth  of  the  metals  (D8). 

Pyrolytic  Graphite.  Metallic  clusters  have  been  studied 
extensively  on  highiy  oriented  pyrolytic  graphite  (HOPG), 
which  aervea  u  a  model  substrate,  having  been  well  charac¬ 
terized  by  STM  during  the  past  decade,  ^hleicher  et  al. 
obaerved  ~10-nm  diam^  Ag  and  C  particlee  on  HOPG  and 
found  that  the  particle  surface  concentration  and  shape  dif¬ 
fered  from  that  expected  baaed  on  TEM  studies  (D9).  Tip- 
particle  and/or  particle-surface  interactions  wer^ropoe^ 
to  be  the  source  of  the  observed  discrepancies.  The  initial 
stages  of  Au  film  formation  on  HOPG  was  reported  to  occur 
by  coaleecence  of  micToclusters,  ~2-5  hm  in  diameter,  into 
lartnr  ialanda  (DJO).  The  preparation  of  ~5-nm  Au  panicles 
on  HOPG  has  also  been  diacuased(Dii).  Womelsdorf  et  al. 
studied  the  effect  of  different  ^gregating  imenta  on  the  de¬ 
position  oi  Au  colloidal  suqiensioDa  on  HOPG  and  found  that 
lonk  salts  deposited  with  the  gold  formed  an  ordered  hex¬ 
agonal  lattice  (D12).  Becker  et  al.  found  that  Au^  clusters 
deposited  on  HOPG  are  ttabilizsd  by  chemical  bonding  of 
phosphine  to  the  Au  surface  (D13).  Au  and  Pd  clusters  de¬ 
posit^  on  HOPG  and  Au  ware  atudied  by  Van  de  Leemput 
et  al  {DJ4)  who  imaged  iigand-atehilized  Ai^fPPh^isC.,  and 
P<Ui(pheo)mty„  bnagaa  (X  the  choten  obtainKl  with  a  cluster 
attacMd  to  the  tip  are  also  interpreted  in  terms  of  the  tunnel 
disteDce.  On  a  larger  scale.  Strong  et  al  stiKlied  Au  thermally 
evaporated  on  HOPG  and  found  the  Mands  were  approxi¬ 
mately  triangular-  or  diamond-shaped  and  compoi^  of 
stacks  layers  of  (111)  planes  (Di5). 

Komna  et  al  rqxsrted  on  the  depoeitioa  M  4-nm  Pd  clusters 
cm  HOPG  which  coalesced  and  grew  epitaxially  along  the  ( 1 1 1 ) 
directiai  (DIS).  Siperko  atudied  a  rd-Sn  catalyst  adsorbed 
on  the  basal  plana  of  HOPG  and  found  that  the  catalyst 
partklsa  formed  a  otdaed  array  (D/ 7).  Subsequent  etoctroleas 
Cu  depoeitioa  ovw  the  catelyM  paititte  resulted  in  a  uniform 
coatiiw  of  Cu.  Kennedy  at  al.,  uaing  STM  and  AFM,  inves- 
tigatea  the  nucleation  and  growth  of  a  Pd  colloid,  followed 
by  deposition  of  electroleea  Cu,  on  HOPG  for  optimizing  the 
procedurea  ueed  in  manufacturing  multilayer  circuit  bwds 
(D/S). 

Yeung  and  Wolf  studied  Pt  catalysts  prepared  by  im¬ 
pregnation  and  ion  exchange  of  the  precursor  salt  solutions 
on  HOPG  (D/9).  The  annealing  of  Pt  thin  films  deposited 
on  HOPG  was  invaatigated  aa  a  fimetioo  of  temperature  (D20) 
Elec^nic  surfiaoe  perturbations  of  the  HOPG  lanice  near  Pt 
particlee  have  bean  attributed  to  periodic  charge  densitv 
moduiationa  (D2I,  D22). 

Semiconductor  Substrates.  The  atomic  structure  of  sem- 
iconductor-metel  interfhoea  dooiinatea  the  electrical  properties 
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of  mAny  microeiectronic  devices.  Scanned  probe  methods  are 
capable  of  resolving  the  atomic  surface  position  of  metal 
adatoiu  during  the  stages  of  metal  deposition,  thus 
providing  a  means  of  obtainina  detailed  experimental  corre¬ 
lations  between  structural  ana  electronic  properties.  As  ex¬ 
pected,  investigations  of  metal  deposition  on  Ge,  Si,  and  GaAs 
dominated  the  research  activities  in  this  area. 

Bremer  et  al.,  using  AFM,  showed  that  vapor  deposition 
of  Cu  on  Ge  substrates  formed  thin  films  by  coalescence  of 
small  atomic  aggregates  of  Cu  atoms  (D23).  They  also  in¬ 
vestigated  the  morphology  and  oxidation  state  of  the  film  after 
exposure  to  ethylene  oxide.  Leibsle  et  al.  found  that  Sb  films 
exhibit  different  morphologies  when  deposited  on  Ge(llO) 
depending  on  the  temperature  during  deposition  iD24). 
Krauach  et  al.  studied  In  films  on  Ge(lOO)  at  room  temper¬ 
ature  and  found  that,  even  in  the  submonolayer  range.  In 
island  growth  occurs  in  three  dimensions  and  the  films  are 
rough  up  to  several  hundred  monolayers  {D2S). 

Yang  et  al.  have  studied  the  interface  between  thermally 
evaporated  Ti  on  GaAs(llO)  {D26).  These  same  authors  have 
also  examined  Ag  nucleation  and  growth  on  GaAa(llO)  at  300 
K  and  have  found  Ag  atoms  nucleate  with  no  preferential 
orientation  on  the  substrate  and  grow  into  clusters  of  ~250 
atoms  {D27).  Continued  deposition  results  in  the  growth  and 
coalescence  of  the  clusters,  with  preferential  orientation  oc¬ 
curring  at  monolayers.  Traias  et  al.  have  studied  the 
nucleation  and  growth  of  Cr  overlayers  on  GaAs(llO)  (D28). 
Their  studies  indicated  that  the  initial  Cr  adatom  surface 
mobility  is  bigb  due  to  weak  chemisorption  to  the  GaAs 
substrate  and  that  adatoms  show  a  preferential  clustering  in 
the  [211]  direction.  Disorder  in  the  clusters  was  attributed 
to  intermixing  of  the  Cr  with  Ga  and  As  atoms.  Phaner  et 
al.  have  compared  the  morphological  difference  between  Au 
vapor-deposited  on  n-GaAs  and  an  autoactivated  electroless 
Au  film  on  the  same  n-GaAs  sample  (D29).  Clustering  of  Al 
atoms  deposited  on  p-GaAs(llO),  with  preferential  nuclMtion 
of  Al  over  the  Ga  sites,  has  also  been  investigated  (D30).  The 
morphology  of  epitaxial  fee  Co/Pd(lll)  superlattices  grown 
on  GaAs(llO)  was  reported  by  Ei^land  et  ol.  (D31). 

Bauher  has  used  various  techniques,  including  STM,  to 
develop  a  structural  model  for  the  5  x  1  phase  observed  in 
the  Au/Si(lll)  system  at  low  coverages  (D32).  Hi^awa  et 
oL  have  studied  the  initial  stem  of  Au  growth  on  Si(lll)  and 
fovusd  that,  at  low  coverages,  the  Au-odsorbed  5x2  structure 
does  not  interfere  with  the  Si  7  x  7  structure  (D33).  However, 
the  Si  substrate  begins  to  show  the  5  x  2  structure  with 
increasing  Au  coverage.  Similarly  for  low  coverages  of  Pb  on 
Si(lll)  7  X  7,  the  Pb  atoms  occupy  sites  above  and  between 
the  Si  adatoms  leavii^  the  7  x  7  structure  intact.  An  unusual 
V3  X  VS  phase  having  a  Si:Pb  ratio  of  1:1,  appeared  during 
sniMwling  (2334).  Nogsmi  et  aL  investipted  Al  films  deposited 
on  Si  and  showed  that  Al  fmns  rows  of  adsorbed  dimers  which 
are  perpendicular  to  the  Si  dimer  rows  of  the  Si(lOO)  surface 
(f335).  As  the  coverage  of  Al  is  increased,  load  2x3  and  2 
X  2  phases  develop,  which  then  evolve  into  a  2  x  2  array  cf 
dimers  at  ~0.5  monolayer.  At  larger  surface  coversjges,  Al 
clusters  grow  on  the  2  x  2  surface.  Sahara  et  al  studied  the 
growth  of  Al  films  pbotodeposited  on  Si  wafers  from  di- 
methylaluminum  hyoride  (DMAH).  Their  studies  indicated 
that  &e  morphology  of  the  Al  islands  is  independent  of  illu- 
minatxm,  rtiluw  out  pbotoinduosd  migratioa  or  the  Al  adatoms 
(D36,  D37).  Hashixume  et  al  have  studied  the  adsorption  of 
alkali-metal  ions,  including  Li,  K,  and  Cs,  on  Sidll)  and 
Si(lOO)  by  means  of  field-ion  STM  oixl  find  that  Uie  alkali- 
metal  atoms  are  almost  completely  ionised  on  the  SidlU  7 
X  7  surface;  a  small  charge  transfer  occurs  on  the  SidOO)  2 
X  1  surface  (D38-D41).  An  extensive  set  of  total-energy  sixl 
force  calculations  have  been  used  to  model  the  interaction  of 
olimli  metals  on  Si(OOl)  2  X  1  at  different  surface  coverages 
(D42). 

Blswijk  et  al.  have  reported  investigations  of  Sb  deposits 
on  Si  and  observed  that,  at  low  Sb  coverages,  the  adatoms 
substitute  f<»  Si  in  the  7  x  7  reconstruction  of  Sid 1 1)  (043). 
At  '-'1/3  monolayers,  the  distorted  7X7  structure  os  well  ss 
a  VS  X  V3-R30*  reconstruction  was  observed  while  at  full 
monolayer  coverages,  a  I  x  l,  2  x  l,  and  a  second  V3  x  V3 
reconstruction  wore  observed.  The  electronic  sute  density 
ofdaanSt  7x7  was  compared  totfaeseSbadlattiots.  Nogaini 
et  al.  found  that  the  suriace  was  terminated  in  a  symmetric 
Sb  dimer  structure  and  the  Sb  grows  u  additional  layers  of 


dimers  rather  than  substituting  for  the  topmost  layer  of  Si 
dimers  {D44).  An  Sb  dimer  structure  was  also  found  on  the 
Si(OOl)  2  X  1  aurfaoe  (045, 046).  Boaid  et  al  have  also  ■r'.difd 
the  evolution  of  In-indui^  reconatructiona  on  Si(  1001  2  x  i 
aa  a  function  of  temperature  and  In  surface  coverage  iD47 
D48). 

Other  metal  deposits  on  semiconductors  studied  by  STM 
include  Cs  on  InSodlO)  (049)  and  GaAsdlO)  (D50),  Mg  on 
GaAa(llO)  (DSD.  Sm  on  GaAa(UO)  (D52).  S  on  GaAs  (D53), 
and  Au  on  GaAsdlO)  (034). 

Insulating  Substrates.  Metal  deposition  on  mica  has  been 
reported  by  numerous  research  ^oupa  (055).  Babe  and 
Buchholz  observed  that  surface  modification  f '  Ag(  111)  film« 
epitaxially  grown  on  mica  was  caused  by  field  evaporation  of 
the  sample  or  tip  material  and  not  by  current  effecto  (D56). 
Colchero  et  al  used  AFM  to  study  Pd  clusters  evaporated  on 
mica  in  UHV  (057).  The  authors  found  that  the  truncated 
trigonal  shape  of  the  clusters  bed  a  diameter  to  height  ratio 
of  ~10,  agreeing  srith  TEM  measurements.  Buchhobe  et 
compared  Au,  Pd,  and  Cr  films  evaporated  on  mica  at  various 
substrata  temperatures  and  found  that  epitaxially  grown 
Ag(lll)  films  evaporated  at  275  "C  exhibit  the  largest  and 
flattest  terraces  (058).  dc  sputtering,  ion  beam  deposition, 
and  thermal  deposition  of  various  metallic  films  have  been 
compared  using  STM  (059). 

Dawson  et  al  studied  the  surface  roughness  of  Ag  films 
deposited  on  glass  and  CaFj  and  compart  these  results  to 
those  obtained  from  aurface-enhenced  Raman  apectroacopy 


deposited  on  glats  and  CaFj  and  compared  these  results  to 
those  obtained  from  aurface-enhenced  Reman  apectroacopy 
(SERS)  (060).  They  auneat  that  the  small  SERS  sigti^ 
obtained  on  fast-depoaitea  Ag  films  are  the  result  of  the  small 
grain  aiza,  leading  to  an  increase  in  the  elastic  scattering  of 
stirface-plaomon  polaritona  at  the  pain  boundaries  and  sub¬ 
sequently  to  a  decrease  of  the  SERS  signal  Yamada  et  ai. 
prepersd  atomically  flat  Au  films  deposited  on  polyimide  and 
SiOj  using  an  ionized  duster  beem  azid  obeerved  a  correlation 
of  the  film  surface  rouriuMaa  with  acceleration  voltagw  (D6J). 
Similar  studies  of  Au  mms  depoaitad  on  silica  by  evapMation 
and  ion-aaaiatad  deposition  were  reported  (D62). 

Surface  Reconstructions.  The  reconstruction  of  single¬ 
crystal  metal  surfecec  on  expoaure  to  various  adsorbates,  in 


found  that  the  W(OOl)  surface  formed  a  two-domain  2x1 
structure  after  the  oxygen  covered  surface  was  anneiaed  at 
>  KXX)  *C  (064).  They  also  coofinaed  tbs  missing-row  model 
for  the  2  X  1  structure  and  showed  the  preferred  location  for 
the  0  etom  was  either  over  a  3-fold  hollow  sits  or  over  s  W 
atom  in  the  second  layer. 

Kopatzki  and  Behm  discuas  image  owtrast  mechanisms  for 
features  observed  on  oxymn-coveiw  NUl(X»  suifacee  (2365). 
Haase  et  al  inveetigatM  the  missing-row  reconstruction  of 
the  (110)  terraces  of  Ni(771)  when  expoeed  to  oxygen  (£365). 
Baeumer  et  al  showed  that  Ni(lOO)  exjxaed  to  (X  fotma  a  4-5 
lever  thick  film  of  NiO(lOO)  compri^  of  50-A  cryetsllites 
(067).  A  large  misouitch  in  the  lattice  conotants  ol  Ni  and 
NiO  causes  strain  between  the  metal  and  oxide  layer  and  leads 
to  defect  sites  between  the  NiO  islands. 

Besenbaefaer  et  al  itudisd  vaiiouB  metal  and  semiconductor 
surfaces,  including  Cu,  using  STM  and  found  aimilorities  in 
tha  final  ozygen-induoad  reconatructions  of  thasa  mauriala; 
however,  the  growth  modaa  wm  diffaraat  (£368).  Kernel  ol 
studied  ^  CulllOl  2  X  10  surface  end  found  that  anisotropic 
Cu-O  ishmds  are  snangsd  into  periodic  strips  along  the  (001) 
diiectioa  (£369).  The  width  between  the  strips  was  dependent 
on  the  oxygen  coverage  end  tempwatuie.  Wintterlm  et  al. 
studied  the  diflusioa  of  Cu  and  0  etcmi  in  the  reconstruetkm 
of  Cu(llO)  and  found  that  Um  rate-limiting  step  in  the 
transformation  ofthalxito2xl  reconatnicticm  was  the 
diffiiaioa  of  Cu  atoms  from  stepped  rsgiam  (£)70).  InaddhioD. 
it  was  observed  that  linear  Cu-O-Cu  strings  stshilixe  the 
powth  of  the  2  X  t  islands.  Similarity,  when  AgdlO)  it 
expooed  to  oinrgen,  one-dimentkmel  lin^  Ag-O-Ag  chains 
were  obeerved  TD7£). 

Niehus  et  al  studied  the  nitroaen-induced  2x3  recon¬ 
struction  of  Cu(llO)  and  dsKumed  wnr  the  highly  directional 
interactions  between  the  Cu-N-Cu  bonds  dsterminss  the 
nature  of  the  reconstruction  (072).  Poteasium-inducsd  re- 
constructioa  of  Cu(IlO)  proossds  via  homogmsous  nuclestion 
at  low  coveragas  and  aniaotropk  growth  al^  (110)  at  higher 
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ccveragM  (D73).  Ogletree  et  &1.  studied  the  sulfur-induced 
reconatniction  of  the  baael  plane  of  Re  lD74,  D75). 

Robntt  et  aL  found  that  air  or  water  vapoi  injected  into 
aoootndled  eovironnwnt  STM  induced  charm  in  the  surface 
mobility  of  an  annealed  Au  surface  (D76).  Haias  et  al.  have 
uuaged  noth  the  unreconstructed  and  v  3  x  22  reconstructed 
Au(lll)  surface  in  air  and  in  triethylene  glycol  or  propylene 
glycol  (D77). 

Giiwwaki  et  al.  studied  the  formation  of  antiphase 
boimdanes  on  Au(llO)  1x2  and  found  that  the  nucleation 
arxi  growth  of  ^e  1  x  2  phase  occurs  predominately  by  ntasa 
teanapmt  via  Idnk  sites  (2)78).  These  authors  also  discuss  the 
importance  of  domain  boundaries  in  stabilizing  unfavorable 
surface  structures  (D79).  The  influence  of  steps  on  the  for¬ 
mation  of  missing-row  reconstructions  of  Au<991)  has  b^n 
reported  (DSO).  Au(99l),  which  is  a  vicinal  Au(llO)  surface 
wiu  (111)  steps  parallel  to  the  dose-packed  rows,  has  terraces 
which  can  accommodate  two  missing  rows.  In  addition,  ex¬ 
tended  regions  of  the  stable  Au(551)  1X2  phase  were  ob¬ 
served. 

Misceilmeous  Studies.  Ion  implantation  of  noble  gases  in 
metal  surfaces  frequently  generates  surface  defects  that  can 
be  readily  identified  by  STM.  Michely  and  Comsa  observed, 
for  instance,  that  bombardment  of  Pt(lll)  with  1-keV  He'*' 
ioru  caused  vacancy  islands,  an  increase  in  the  density  of 
dialocations,  a  large  density  of  heiagorml  adatrmr  islands,  and 
raiaed  surface  areas  with  subatomic  heights  resulting  from  He 
bubUe  formation  {D81).  Kr*  imp^tea  into  Ti  also  produced 
a  raised  surface  in  areas  where  ions  had  implantM  (D82). 
Midialy  and  Comsa  also  examined  the  morphology  of  Pt(lll) 
surfaces  as  a  function  of  annealing  time  bom  before  and  after 
sputter^  with  €00-eV  Ar*  ioiu  (2)88).  A  transition  from  pit 
formation  to  layer-by-layer  removal  of  the  Pt  surface  was 
obaarved,  and  me  role  of  vacancies  and  thermally  excited 
adatoms  was  diacuased.  Lang  etaL  studied  the  erosion  of  Au 
films  bombarded  with  Ne*  and  derived  energy-dependent 
yields  and  crater  size  distributions  CrmnBTM  images 

Torch  et  aL  compared  clusters  formed  in  laser-induced 
abiatiaa  of  Si,  SiC,  In,  and  UOj  and  evaporation  of  l/Oj  usity 
User  ionization  tim»-of-flight  mass  spectrometry  and  STM. 
All  the  clusters  observed  in  the  STM  images  srere  approxi- 
matahr  tbs  same  size,  making  STM  a  questionable  technique 
fw  identification  (DK).  Scastdella  et  aL  studied  the  Ar*  ion 
etching  and  apUt-cooling  of  Nb«)Ni«g  alloy  nanocrystallites 
and  the  effects  of  laser  quenching  on  the  crystal  morphology 
(2)88).  The  use  of  ballistic  electron  emiaaion  microacopy  has 
been  reported  in  investigations  of  metal-metal  and  metal- 
semiconductor  interfaces  (D87-DS9). 

Ohmori  et  aL  observed  that  Pd  underwent  morphological 
changes  in  the  presence  of  electrochemically  airbed  hy¬ 
drogen,  including  the  development  of  the  8-phase  and  no- 
dular-ime  structures  (2)90).  Ffeseabscher  et  al  characterized 
the  morphology  of  an  Fe-baaed  NH3  syntbaaia  catalyst  [091). 
DeKoven  awiMoyen found  that  polycrystalliiM  Fe  svurfaces 
exposed  to  perfnmndiotbyl  ether  exhibited  tero  distinct 
friction  ooeffidonta  wbfch  eorrenonded  to  two  morphologi¬ 
cally  different  ragkmaeB  the  surfoce  (2)98).  Eodo  et  aL  have 
obtained  atomic  leMhsMsB  imagos  of  Pd,  Au,  and  Mo  under 
diffosioo  pump  osi  sAv  eleldng  in  HF  and  conclude  that  the 
oil  maintains  a  dana,  flat  m^  surface  {D93).  Rice  and 
Morelaad  used  STM  to  (Bsags  the  BMgnetic  ferroflukl  perticlea 
on  tbs  surface  a  hard  dmk  (D94).  Tana  et  aL  have  inves¬ 
tigated  terrace  structures  on  Pt/Co  muItilaTCr  thin  films 
deposited  on  glass  by  Ar  and  Xe  sputtering  (2)96).  Thefea- 
turss  observed  STM  art  intMpretod  in  terms  of  the  energy 
distributkm  of  the  inert  gas  atoms. 

Screw  dialocationt,  LommK^ottrell  locks,  stacking  fault 
tetzabsdrmi,  etc.  on  Agdll)  have  been  investigated  by  STM 
(2)98).  Everson  et  aL  have  studied  the  differences  in  the  local 
density  (d  stataa  (DOS)  on  flat  Au(lU)  as  compared  to  ^t 
on  monoatomic  stops  and  pits  and  narrow  terracea  in  UHV 
(2)97).  Monoatomic  steps  snow  a  dseteaae  in  the  surface  DOS 
while  narrow  terraces  have  esaentially  the  same  surface  DOS 
as  tbs  flat  Au(lll)  idana.  Fractal  nowth  of  Au  deposits  has 
been  investigated  using  STM  (2)M). 

Lankford  and  Longntirs  cfaariKtoriied  the  fatigue  fracture 
surface  of  a  stainlaae  steel  with  the  microfracturas  in  a  SiC 
flber-rsinftoced  Ti^  composite  and  compared  the  results 
with  tboes  obtained  frmnSEM  images  (2)99).  Komaricaand 


Kopp  applied  STM  to  the  study  of  several  stainiess  iteeis 

{Dim. 

The  effect  of  surface  plasmons  on  the  tunneling  current 
between  a  W  tip  and  polycrystalline  Ag  film  have  been  re¬ 
ported  {DIOD.  Plasmons  rmults  in  an  increase  in  the  tun¬ 
neling  current  of  SO  pA  and  have  a  different  dependence  on 
the  tunnel  gap  separation  than  the  normal  tunneling  currents. 
Spectroacopic  meaaurement  of  light  emitted  between  various 
metallic  tipa  and  subatratea  was  obtained  by  Smotyaninov  et 
al.  (D102).  They  found  that  the  energy  of  emitted  photons 
waa  laaa  than  the  voltage  applied  to  the  tunnel  junction  and 
compared  the  voltage  of  the  emiaaion  maximum  to  the  surfaa- 
piasmon  energies  in  the  junction.  The  angular  dependence 
of  the  light  emiaaion  intensity  waa  monitored  to  investigate 
surface  plaamon  polaritona  on  an  Au  thin  film  iDlOS). 

D.2.  Semiconductors.  Investigations  of  semiconductors 
by  STM  frequently  includes  corr^tion  of  surface  features 
with  the  density  of  electronic  states.  The  latter  are  measured 
by  local  tunneUM  spectroscopy  (TS)  or  scanning  tunneling 
spectroacopy  (STS).  Data  are  frequently  presented  as  (di. 
dV0/(//V0  vs  V  spectra,  where  2  is  the  tunneling  current 
obtoinad  at  a  tip-wi^  bias,  V.  The  quantity  (dr/dVO/i/  V) 
represenU  the  differential  conductance  (d//dV)  normalized 
to  the  integral  conductance  (//  VO.  This  method  of  plotting 
the  l-V  data  yield  “spectra*  that  are  correlated  with  etectronic 
surface  density  of  states  (DOS).  Fan  and  Bird,  for  instance, 
have  obtained  STM  images  and  /-V  curvet  of  a  highly  doped 
n-type  FeS,  (001)  crystid  in  air  (Dl04).  The  I  vs  V  data  are 
discuaaad  in  torma  of  the  band  locations,  localized  states  in 
the  band  gap,  ai^  band  bending.  In  other  studies,  STM  is 
used  in  conjtmction  with  photon  biasing  to  obtain  electronic 
parameton  and  to  maaaure  minority-carrier  loesee  at  surface 
defacta  (DIOS).  Zhao  et  aL  have  used  STM,  STS,  and  optical 
spectroact^  to  characteriza  (^dSe  psuticulate  semiconductor 
fume  on  dioctodecyldiinethylammomum  bromide  monolayers 
(DIOS).  In  these  studiaa,  STM  ssat  uaed  to  determine  the  size 
of  ^  (^dSe  pturticles  and  their  degree  of  intorconnectivity. 
while  the  spectroacopic  data  srere  employed  to  quantity  the 
ractitying  semioanductor  b^vior  of  the  enaemble.  In  similar 
atudim,  tlw  moipboJon  and  spectroacopic  properties  of 
eize-quantixed  CdS  andonS  partidee  on  various  substrates 
induding  cadmium  arachidato,  zinc  arachiitoto,  or  metal- 
ion-coatra  mtmolayen  was  invea^tod  (D/07,  D/08). 

Feanatra  and  Lutt  have  used  S'm  to  study  the  transfor- 
matitm  of  the  Si(lll)  2X1  structure  to  the  7X7  structure 
as  a  function  of  time  and  annealing  temperature  (D/09).  An 
observed  5x5  structure  is  consistent  with  the  dimer-ade- 
tom-etocking-fault  model;  a  v-bonded  structure  is 
conflimed  f(»  ^  2  x  1  structure  (DUO).  Theory  predicts 
that  buckling  in  the  VS  x  y/Z  reconstiruction  lowers  the 
surface  enwty  of  the  Si(lll)  surface;  however,  the  lower  en¬ 
ergy  2x1  v-bosxM  chain  reconatruction  can  occur  if  defects 
are  abaent  (D///).  Ent-pcinciple  dactronic  stataa  calculations 
have  ban  uaad  to  aimulato  the  nagative  differential  reeiatance 
obaarved  in  STS  data  on  tha  Si(lll)  VS  x  v'3  structure 
(D112).  Kitamure  et  aL  have  observed  thelxico7x7 
sutfoce  leooastzuctiosi  of  Si  thin  fibna  above  800  "C  and  repixt 
stop  formation  and  migration  during  Um  process  (Dili). 
Tarrach  et  aL  have  etutUed  the  Si(lll)  7  x  7  and  Si(OOl)  2 
X  1  reconatructione  in  the  vicinity  of  stop  edges  and  have 
observed  buckled  diman  on  the  latter  eurface  (D114).  In 
addition,  they  have  invaattoatod  the  structural  transitions  on 
lasar-irradiatod  Si(lll).  Knall  et  aL  have  imaged  tl»  empty 
and  flUed  statoa  in  the  Si(113)  surface  and  conclmle  there  is 
strong  evidence  for  a  3  X  2  unit  call  and  explain  reports  of 
e  3  X  1  raconstruction  in  tonns  of  the  density  of  domain 
boundaries  (D2  75).  Sk^hara  et  aL  have  observed  individual 
dimer  atoms,  in  tha  occupied  state  images  of  Si(lOO)  and 
discuas  the  role  of  elastic  deformation  <»  the  obaarved  image 
(Di/8).  A  Ginxbarg-Landau  model  is  used  to  model  dis- 
crepancise  between  STM  imagae,  theory,  and  ecattoring  ex- 
penmanto.  In  thia  latter  study  the  Si  dimn  an  allowed  to 
aasuma  a  tilted  configuration  (D// 7).  Brodoi  et  aL  have  also 
used  flnt-princqile  total-enwgy  calculatione  to  calculated  the 
activation  enaigv  for  diffoakw  of  an  Si  atom  parallal  (0.6  eV) 
and  parpandicular  (1.0  aV)  to  tha  (Umar  rowi  on  Si(  100)  and 
propose  that  one-dimenakaal  hoppii«  of  adatoms  should  be 
obnrvable  at  low  tamparturaa  using  STM  (DUB). 

STM  nd  STS  ^to  have  bean  reported  tot  oxidized  n-  and 
p-type  St(lOO)  and  p-n  junctions  fonnad  by  implanution  of 
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P  into  B>dop«d  Si  wafers  Kordic  et  al.  have  used  a 

two-dimensional  STM  to  image  the  contrast  between  p-  and 
n-type  regions  in  a  biased  Si  p-n  junction  (D120).  Heasel  et 
al.  have  mapped  the  distribution  of  dopant  around  an  im¬ 
plantation  mask  edge  and  found  high  doping  levels  corre¬ 
sponded  to  an  ohmic  I-V  curve,  whereas,  low  doping  levels 
displayed  a  Schottky  barrier  behavior  (0121).  STM  has  also 
been  used  to  measure  the  three-dimensional  impurity  profile 
of  B  in  a  metal-oxide-silicon  structure  (0122).  Comparison 
of  this  method  to  reaulte  from  secondary  ion  mass  spectrom¬ 
etry  and  spreading  resistance  methods  shows  that  the  acti¬ 
vate  boron  impurity  concentration  is  measured  rather  than 
the  total  boron  concentration. 

Several  authors  have  used  STM  to  measure  the  surface 
photovoltages  of  semiconductors  such  as  Si(lll),  SidOO), 
InP(lOO),  and  GaAs(lOO)  when  illuminated  with  laser  irra¬ 
diation  (0123,  0124)  or  monochromatic  light  (0125). 

The  mechanism  of  adsorption  and  desorption  of  H  and  O 
on  Si  is  of  interest  in  microelectronics  processing  (0126-0132). 
STM  images  suggest  a  SiH^species  on  the  Si(lll)  surface  after 
exposure  to  HF(0133).  AFM  images  of  Si  etched  in  48%  HF 
show  a  disordered  surface,  while  those  etched  at  pH  5.5  or 
9  in  HF/N}^  show  a  well-ordered  hexagonal  structure  (0134, 
OIX).  In  addition,  differences  exist  in  the  surface  morphology 
of  etched  Si  surfaces  after  exposure  to  aqueous  solutions  of 
differing  pH's.  Carrejo  et  al.  studied  the  fractal  topography 
of  polysilicon  Aims  under  dilute  HF  solutions  and  obMrved 
that  the  surface  roughness  increases  with  film  thickness 
(0136). 

Avouris  and  Lyo  have  studied  the  interaction  of  Sid  11)  7 
X  7  with  HjO  and  0;  and  propose  a  dominant  dissociative 
chemisorption  mechanism  for  the  H^O  interaction  (0137, 
0138).  Pelx  and  Koch  have  proposed  a  two-stage  mechanism 
for  O  reacted  on  Si(lll)  7  x  7  at  300  K,  baaed  on  topographic 
images  (0139).  Annealing  the  surface  at  625  K  changes  the 
number  and  site  preference  of  the  two  stages  markedly. 
Kobayashi  and  Sumi  proposed  that  the  thermal  desorption 
of  native  oxidea  on  Si(lll)  occurs  bv  the  formation  and  lateral 
growth  of  voids  rather  than  layer-by-layer  growth,  in  agree¬ 
ment  with  RHEED  and  AES  measurements  (0140).  TS  data 
on  ultrathin  SiO]/Si  structures  and  H-termlnated  Si  surfaces 
yielded  normal  and  defect  site  spectra  in  the  former  case  but 
only  normal  spectra  in  the  later  case  (0141).  The  defect 
spectra  show  negative  differential  resistance,  which  has  been 
ascribed  to  resonant  tunneling  through  localized  defects  in 
the  oxide. 

Several  researchers  have  used  STM  to  study  the  topography 
and  electronic  properties  of  faults  (0142),  kiriks  (0143),  grain 
boundaries  (0144),  and  steps  (0145-0150)  as  well  as  step 
motion  (0151, 0152)  on  Si  and  compared  these  properties  to 
theoretical  calculations  (0153-0156).  Hartmarm  et  al.  have 
discussed  the  usefulness  of  the  STM  as  a  tool  to  study  the 
roughness  and  surface  topography  of  polished  Si  wafers 
(0157). 

Nucleation  and  growth  of  Ge  overlayers  is  described  for 
Si(lll)  7x7  (0158)  and  Si(OOl)  (DI59)  substrates.  Mo  and 
Lagally  investigatad  the  aniaotropv  in  ffie  surface  migration 
of  Si  and  Ge  on  SKOOl)  and  found  that  surface  migration  is 
>1000  times  faster  ahna  the  substrate  dimer  rows  than 
perMndicular  to  then  (D160,  0161).  Alvarez  et  al.  have 
stuaied  the  inhommmeous  growth  of  FeSt  and  FeSij  grown 
on  SKIOO)  usiiv  StM  and  fmd  that  the  presence  of  surface 
steps  on  the  Si  inducss  a  more  epitaxial  growth  (0162). 

Klitaner  et  aL  studied  the  oxidation  of  Ue(lll)-c  2  x  8  as 
a  fiinctioa  of  temperature  and  found  that  at  room  temperature 
the  primary  nucleation  sites  are  boundaries  between  domains 
ol  different  orientations  of  the  c  2  x  8  reconstruction,  defects, 
and  disordered  adatom  regions  (0163).  At  lugher  tempera¬ 
tures,  the  oxide  nucleates  uniformly  suggesting  that  the  c  2 
X  8  reconstruction  is  degraded  at  elevated  temperatures. 
Hirachom  at  al.  observed  buckling  of  the  Ge(lll)-c  2X8 
surface  ujxin  annealing  (0164).  Conversion  of  the  Ge(lll) 
2X1  suruue  into  the  c  2  x  8  surface  upon  annealing  has  been 
reported  (0166).  Surface  disorder  in  the  c  2  X  8  r^on,  was 
suggested  to  be  the  result  of  surface  adatom  diffusion  in  the 
(OoT)  direction  (0166). 

Heteroepitaxial  films  of  Ge  on  Si(lOO)  (0167),  GaAs  on 
InP(OOl)  (0168),  InGaAa  on  GaAs(lOO)  (0169, 0170),  G»A» 
on  GaP(OOl)  (0171),  Sb  on  GaAs(UO)  and  ^(110)  (0172), 
Bi  on  GaP(llO)  (0173),  and  As  on  Si(lOO)  (0174)  have  also 


been  investigated  by  electron-tunneling  techniques 

Multiquantum  well  (MQW)  structures,  such  as  Galn.^!  InP 
(0175-0177),  GaAs/AlGaAs  (0178,  0179),  and  InGaAs 
InAlAa  (0180)  and  the  effect  of  doping  these  structures  have 
been  investigated  by  STM.  Electron-tunneling  images  of  the 
MQW  structures  reflect  the  shape  of  the  I^W  potential 

Luminescence  induced  by  electron  tunneliia  has  been  used 
to  study  in-V  heteroetructures.  such  as  Al,GA,_,As  iD/8i- 
0183).  Information  on  the  band-bending,  the  conduction- 
band  discontinuity  at  the  interface,  trapping  centers  associated 
with  defects  and  impurities,  etc.  can  be  obtained  using  this 
technioue. 

Combined  STM-lumineacence  studies  which  examine  the 
surface  morphology,  including  reconstructions,  terrace  widths, 
kinks,  and  steps,  of  GaAs(OOl)  pown  by  MBE  have  been 
reported  by  s  number  of  researchers  10184-0187).  McCov 
and  Maks^  have  also  performed  Monte-Carlo  simulations 
to  model  the  MBE  groira  of  the  2  x  4  reconstructed  GaAs- 
(001)  surface  and  find  the  results  correlate  well  with  STM 
images  (0188).  Similar  STM  studies  are  reported  for  Ga- 
AsdlO)  (0189,  0190). 

Bonnell  et  al.  have  used  tunneling  spectroscopy  to  delect 
the  photoexcitation  of  charge  carriers  in  wide  band-gap  sem¬ 
iconductors  such  as  ZnO  and  cubic  SiC  (0191).  Valence- to- 
conduction  band  transitions  were  detected  for  the  SiC  samples, 
while  charge-tranafer  transitioDS  from  the  dopant  levels  were 
observed  for  ZnO.  In  addition,  the  tunneling  spectrum  of  ZnO 
was  altered  by  continuous  exposure  to  ultrav^t  light  l^hrer 
et  aL  also  have  used  spatially  resolved  TS  to  investigate  the 
effect  of  different  suiface  treatments  (e.g..  annealing  and 
exposure  to  air)  on  terracee  and  grain  boundaries  of  ZnO 
(0192).  STM  was  uaed  to  investigate  the  geometric  and 
electronic  stzucture  of  ZnO(0001)  (Z)/Sd).  Steps  on  the  surface, 
which  are  composed  mainly  of  (1010)  and  (1120)  faces,  in¬ 
troduce  mid-gap  electronic  states  in  the  I-V  curves. 

The  atomic  amngmnent  and  defects  on  n-  and  p-PbSe<  100) 
aa  welt  as  MBE  lavMZ  of  PbSe  on  Ba^have  been  investigsted 
by  STM  (0194).  m  the  case  of  the  MbE  layers,  the  (1(X})  and 
(111)  orientations  of  PbSe  occur  preferentially  at  specific 
subatrate  temperatures-  Foecke  et  al.  have  measured  the 
crack-tip  mixpliology  and  upsets  ab^  the  flanks  of  the  cracks 
inPbSaixlSL  llMy  diacuiM  the  eflact  of  STM  tip  geometry 
and  scan  conditions  on  the  image  of  the  resulting  cleavage 
crack  (0196). 

Rohrer  and  Bonnell  studied  TiO;  and  monitored  local 
variations  in  the  surface  Ti:0  stoichiometry  using  STM 
(GfSS). 

DJ.  SuparcOBdactora.  The  microscopic  properties  and 
conductance  spectra  of  su^e-crystal  Aims  of  NbN  have  been 
studied  at  4.2  K  using  STM  (0197).  By  cooling  the  films 
under  a  magnetic  fleia  of  0.1  T,  a  vortex  corelike  structure 
waa  ofaaervM  (0196).  Low-temperature  tunneling  spectros¬ 
copy  data  on  the  Nb/InAS/Nb  superconducting  system  shows 
how  the  local  density  of  electronic  statee  of  the  InAs  layer  was 
modulated  by  the  superconducting  Nb  la^r  (0199).  Thom- 
aason  et  aL  nave  used  STM  to  monitor  film  smoothness  and 
measure  the  thickneae  of  NbCN  tunnel  junctions  (0200). 
Chen  et  aL  obtained  imaaee  end  spectroacopic  data  from  4 
K  to  400  K  oD  Pb  fflwMi  ana  found  that  there  are  sharp  changes 
from  the  expect^  N-I-S  tunneling  characteristics  to  normal 
tunneling  conditions  at  certain  regione  in  the  film  (0201). 
Using  spectroacopic  measurements  obtainsd  at  low  temper¬ 
ature,  the  denaity  of  electronic  statee  in  a  superconducting 
vortex  core  in  Nbi^TsxSe]  has  been  measurea  as  a  function 
of  the  disorder  in  the  system  (0202). 

Sevwnl  reeearchen  have  used  AFM  and  STM  to  inveatigate 
the  growth,  surface  ctructiue,  including  the  pretence  of  dis- 
locBOcos  si^  their  affect  on  flux  pini^,  and  effect  of  etching 
of  fllms  and  superisttices  of  YBstCujO-,^  and 

PrBa2C;u307.^  (0203-0208).  Moreland  and  Rice  have  uaed 
low-temperature  tunneling  stabilixed  magnetic  force  micros¬ 
copy,  where  the  tunneling  tip  is  made  of  a  flexible  magnetic 
material,  to  imam  the  t<qx>amphy  and  magnetic  forces  on 
samples  of  YBaXusO,  (D209).  Preliminary  daU  show  that 
large  magnetic  forcee  are  acting  on  the  tip  durina  scanning 
at  48  K.  STM  and  AFM  have  also  been  used  by  several 
researchers  to  characterize  the  morphology,  tunneling  char- 
acteriatici,  effect  ci  O  depletioiL  and  eflbct  of  etching  at  room 
and  low  temperaturee  of  Bi^rjCaCufOv  superconductors 
(0210-0217).  SamanU  et  al.  have  imaged  the  incorporation 
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of  0  into  a  bi^-T,  Bi/cuprata-baaed  superconductor  and  use 
TS  data  to  relate  this  phenomenon  to  the  subsequent  decrease 
in  the  Tt  of  the  superconductor  (D2J8).  Wang  et  al.  have 
characterized  the  morphology  of  superconducting  Pb-Bi- 
Sr-(^-Cu-0  single  ci^tala  using  STM  {D219).  Surface 
etching  of  sinale'^iystal  T^a^BaiCuO.  in  air  has  been  ob¬ 
served  using  STM  0220).  ?rM  has  also  Wn  used  to  identify 
the  metallic  near-trigonal  and  semiconducting  orthorhomic 
structures  of  Tl]CaCu2Ba«Oi  and  TljCajBaiCusOio  single 
crystals  {D221). 

D,4.  Layered  Compounds.  Layered  metals  and  semi¬ 
conductors  can  be  cleaved  to  weld  l^e-area,  atomically  flat 
surface  regions  that  are  ideal  for  high-resolution  APM  and 
STM  studies.  In  addition,  the  materials  and  electronic 
properties  of  layered  compounds,  accentuated  by  their  low 
dimensionality,  is  rich  but  less  well  investigated  than  most 
conventional  metals  and  semiconductors.  In  particular,  charge 
density  waves  (CDW)  and  other  supraatomic  surface  struc¬ 
tures  resulting  from  crystallographic  mismatch  of  the  outer¬ 
most  surface  Layers  has  been  hMvily  research  during  the  past 
years. 

Parkinson  et  aL  have  imaged  the  periodic  distortion  caused 
by  the  van  der  Waals  interaction  between  epilayera  of  tran¬ 
sition-metal  dicfaalcogenides  (TMD’s)  grown  by  molecular 
beam  epitaxy  onto  other  TMD’s  (0222).  Epilayers  of  MoSei 
d^Msited  on  various  substrates  by  van  der  Waals  epitaxy  show 
novel  surface  structures  which  result  from  lattice  mismatch 
(D2S3).  He^etaL  used  STM,  and  SIhK  to  investigate 
2-nm  scale  ring  structures  on  the  surface  of  naturally  occurring 
MoSt  (D224).  The  differences  between  the  natur^  and  syn¬ 
thetic  (ringleas)  forms  of  the  material  are  discussed  in  terms 
of  the  fossllization  process  and  electronic  effects  caused  by 
point  defects. 

The  oh»ay*tioa  of  a  negative  differential  resistance  in  the 
cxirrent-voltage  curves  for  2Hb-MoS4  in  UHV  has  been  dis¬ 
cussed  in  terms  of  a  perturbation  of  the  ene^  density  of 
sUtes  by  a  contamination-induced  peak,  charging  of  electron 
trim,  and  resonant  tuiuMling  in  a  double-bamer  quantum 
well  structure  (D225).  Parkinaon  et  aL  have  discussed  atomic 
resolution  STM  and  AFM  images  of  ReSej  in  terms  of  DOS 
calculations  and  proposed  four  crystallographically  distinct 
surface  Se  atoms  (0226). 

Wu  and  Lieber  have  used  variable-temperature  STM  to 
investigate  the  nearly  commensurate  chaige  densify  wave 
(CDW)  phase  in  iT-TaSt.  The  commensurate  CDw  has  a 
hezgonai  domain  structure  whoee  period  waa  temperature 
dependent  (D227).  Slough  et  aL  found  that  the  CDW  am¬ 
plitude  in  IT-Tal^  at  room  temperature  shows  a  long-range 
modulation  which  gives  rise  to  a  two-dimensional  pattern  of 
domainlike  regions  rotated  with  respect  to  the  CDW  super- 
latice  (D23S).  Burk  has  also  imaged  the  domain  structure  in 
the  nearly  commensurate  CDW  phase  of  iT-TaS}.  The  flne 
satellite  structure  has  been  identified  using  Fourier-trans¬ 
formed  STM  images,  in  agreonent  with  the  anmlitude-domain 
and  phsM  itomain  model  of  Nakanishi  and  Shma  {0229).  Nb 
impuritiea  in  the  incommensurate  CDW  phase  in  IT-TaS; 
have  been  shown  to  cauas  dislocations  renting  in  random 
rotations  of  the  CDW.  raaults  are  diacuaaea  in  terms  of 

weak  pinning  and  the  aaiatanre  of  a  hexatic  CDW  phase 
(0230).  Sakamaki  at  aL  have  observed  the  structure  of  a 
stacking  boundary  of  mmfy  eommoaunte  CDWs  in  iT-TaSj 
caused  oy  intenwtad  Ta  atoms  (0232). 

Gamaes  et  aL  have  uaad  AFM  to  image  the  commensurate 
CDW  structure  on  ir-TaSe*.  the  inoommensurate  CDW 
structure  on  iT-TaS],  and  IT-TiSej  and  2H-NbSei  (the  latter 
does  not  show  a  CDW)  at  room  temperature  (0232).  Three 
types  of  CDW  vertioea  (triangular,  niombic,  and  hexagonal) 
imaged  on  IT-TaS^  in  air  at  room  temperature  have  been 
described  (0233).  Using  atomically  resolved  STM  images, 
Ganmie  et  aL  have  analyaad  the  structure  of  o-TaS^  (D233a). 
Dai  et  aL  have  shown  that  the  three  pairs  of  chauis  in  the 
NbSss  unit  call  all  carry  a  strong  COW  modulation  at  4.2  K, 
in  disagreement  with  previous  results  (0234).  At  higher 
temparaturas,  the  CDW  is  localized  on  only  one  pair  of  chains. 
Syncttfotroo  sinde-crystal  intensity  data  suggest  a  difference 
in  tlM  CDW  modulation  along  the  different  chains  in  NbSea 
(0235, 0238).  Wanget  sL  have  measured  the  CDW  enemy 
W>  in  iT-TaS^  irTaS*  lT-VSe»  lT-TiS»  2H-TaSe»  2H- 
Tal^  and  2H-ND8ei  and  nnd  a  syetamatic  dependence  of  the 
CDw  strength  on  the  materials  properties  (0237). 


Akari  et  al.  have  monitored  the  growth  and  orienwtion  a 
equilateral  triangles  from  clusters  foUowine  a  voltage  puise 
applied  between  the  tip  and  an  atomically  flat  WScj  surface 
(0238).  All  the  trianglea  were  found  to  have  the  same  ori¬ 
entation  with  reapect  to  given  orientation  of  the  substrate, 
reducing  the  6-fola  symmetry  at  the  atomic  Se  surface  to  that 
of  3-f^  symmetry  at  the  molecular  WSej  layer.  Van  Bakel 
et  al.  have  imaged  the  trigonal  symmetry  of  the  TiS;  lattice 
as  well  aa  several  other  new  features  (0239).  A  model  in¬ 
volving  displacement  of  Ti  atoms  is  presented  to  account  for 
the  observed  features. 

Saulys  formed  pits  in  the  surface  of  NsojMogO.e  by  briefly 
increasing  the  bias  voltage  or  tuimeling  current  between  the 
tip  arid  the_  sample  (0240).  Explanations  for  the  change  in 
the  {Hta  with  time,  forming  either  faceted  or  rounded  shapes, 
are  diacuaeed.  Rudd  et  aL  have  also  itnaged  Nso^Mo^O.-  and 
Rbo.aMoO]  and  discuss  their  images  in  terms  of  the  defect 
creation  tadmiquas,  the  relative  defect  stabilities,  and  CDW's 
of  these  materiala  (0241). 

D.5.  Carbon.  Because  of  the  ease  of  surface  preparation, 
highly  oriented  pyrolytic  graphite  (HOPG)  continues  to  be 
frequently  used  aa  a  substrate  for  imaging  molecular  adsor- 
batea.  Clemmer  et  al.  (0242)  and  Chang  et  al.  (D243K  how¬ 
ever,  have  imafed  a  number  of  anomalous  surface  features 
on  bare  graphite  surfaces  which  are  strikingly  similar  to 
stnicturee  previously  identified  as  molecular  ad^rbates.  in¬ 
cluding  imagea  of  DNA  and  polymers  published  in  the  iate 
1980'8.  These  reserrchera  diMniaeed  general  problems  asso¬ 
ciated  with  uaing  HOPG  aa  a  substrate. 

Siperko  uaed  sTM  to  observe  various  features,  including 
hexagonal  etc^its,  steps,  and  crystals,  on  graphite  surfaces 
tnchidina  HOPG,  pyrolytic  graphite,  benzene^erived  graphite, 
and  ^phenylene^erived  naphite  (0244).  Several  authors 
have  imaged  superperiodk  nexagonai  domains  on  the  surface 
of  HOPG  both  in  water  and  under  solution  (0245-0248). 
Myrick  et  al.  showed  that  TS  data  taken  from  defect  areas 
on  grapUte  have  a  lower  surface  density  of  states  and  surest 
that  T5  data  may  make  the  distinction  between  defects  and 
molecular  adaorbataa  easier  (0249). 

Brown  and  You  have  uaed  STM  to  characterize  the  mor- 
pholojgy  of  gl^y-carbon  surfaces.  Two  types  of  structures 
exist  in  addition  to  the  normal  graphite  structure,  one  being 
a  granular  structure  with  grain  sizea  from  80  to  250  A  and  the 
other  consisting  of  a  curved  fibrillar  structure  (0250). 

Oik  et  aL  have  imaged  a  stage- 1  graphite  intercalation 
compound  (CsCuCl^)  at  both  positive-  and  negative-sample 
biases  with  respect  to  the  tip.  At  poaitive-semple  biases,  a 
hexagonal  synunetzy  was  observed  (due  to  the  ABAB  stacking 
arrangement)  rather  than  the  3-fold  symmetry  of  noninter- 
calated  HOPG.  At  negative-sample  biases,  a  different  image 
was  obtained  where  the  pettm  ia  mainly  due  to  the  intercalate 
layer  and  perturbed  graphite  (D2S1).  A  new  orthorhombic 
superlattice  was  obaerv^  in  the  stage- 1  KHaC,  compound. 
Kehy  and  Lieber  have  imaged  and  oiacuasea  the  origin  of  a 
new  commensurate  2X2  superlattice  in  addition  to  the 
hexagonal  srMihite  lattice  in  stage-1  KHgC,  and  stage-2 
KH]^  graimte  intercalation  compounds  (0252).  They  luve 
also  imaged  a  commensurate  2x2  and  an  incommensurate 
superstructure  on  KHgC4  and  a  one-dimenaional  super¬ 
structure  and  two-dimensional  auperlattice  on  KHn/l^  (0253). 

The  atomic  pKkina,  defect  structures,  ana  electronic 
structure  of  C  epitaxiafly  precipitated  (»i  Ni(lll)  was  found 
to  be  esaentiallyidenticu  to  that  of  HOPG  (D254).  Itoh  et 
aL  have  uaed  LeED  and  STM  to  study  a  monolayer  of  gra¬ 
phite  epitaxially  grown  on  TiC(lll)  and  discuss  T$  date  on 
the  aurface  band  structure  (rf  the  monolayer  (D255).  Murau 
et  al.  haw  imaged  a  disordered  carbonaceous  film  composed 
of  benzene  rings  prepared  by  pyrolysis  of  cyclododecane  on 
a  quartz  aubatrate  (0256).  Ito  et  sL  found  that  carbon  fllms 
synthesized  by  direct  km-beem  depoeitkm  at  100  eV  have  the 
smoothest  aunace  (D2S7).  Vandentop  et  al.  studied  the  nu- 
daation  and  growth  of  hydroguiatad  aniOTphoua  carbon  films 
on  HOPG  usd  ailicon  and  observed  a  more  homogenous 
growth  on  ailicon  (02S8). 

Numeroua  researchers  have  uaed  STM  or  AFM  to  char¬ 
acterize  the  nucleetkm,  growth,  effect  of  doping,  morphology, 
and  I-V  characteristios  of  chemically  vapor^epoaited  diamond 
films  (0259-0267). 

The  effects  ion-bombardment  of  graphite  surfaces  was 
studied  extensively  during  the  past  year  as  a  function  of  the 
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ion  flux  and  sample  temperature  iD26S-D272).  Surface 
modification  of  graphite  surfaces  in  air  and  in  liquids  has  been 
reported  by  several  authors  (D273,  D274).  STM  has  been  used 
to  correlate  the  morphology  of  carbon  electrodes  after  laser- 
activation  with  measured  electrochemical  heterogenous 
cha^^transfer  rates  (D275-D277).  These  activated  surfaces 
exhibited  a  signifiCMt  increase  in  the  surface  roughness  and 
number  of  defect  sites.  Carbon  electrodes  can  also  be  elec- 
trochemically  activated  by  application  of  an  applied  voltage 
iD278).  STM  and  AFM  images  of  the  activated  surface 
showed  an  increase  in  the  surface  roughness  suggesting  the 
presence  of  an  oxide  layer. 

Chang  and  Bard  have  investigated  the  oxidation  of  the 
graphite  surface  at  elevated  temperatures  and  monitored  the 
nucleation  and  growth  of  etch  pits.  In  addition,  they  also 
concluded  that  tne  formation  of  etch  channels  on  the  graphite 
surface  after  treatment  using  both  chemically  active  (e.g. 
FeCla,  CdS,  and  HoPtCl*)  and  inactive  (e.g.,  NaCl  and  AI2O3) 
compounds  were  primarily  the  result  of  mechanical  interac¬ 
tions  of  the  particles  with  the  graphite  surface  {D279). 

Hoffman  et  al.  have  investigated  the  roughness  and 
structure  of  several  C  fibers,  inclumng  t^me-O  polyacrylonitrile 
(PANl-based  fibers  Md  type-II  pitch-based  fibers,  and  the 
effect  of  heat  treatment  on  these  fibers  (D280).  Hoffman  et 
al,  have  abo  investigated  the  effect  of  various  treatments, 
including  0  exposure  at  high  temperatures,  0  and  Ar  plasma 
exposure,  HN(j3  exposure,  and  electrochemical  treatment  on 
the  morphology  of  P-55  pitch- based  C  fibers  (D281). 

D.6.  Atomic  and  Molecular  Adsorbates.  Eigler  et  al. 
used  low-temperature  STM  to  image  individual  Xe  atoms  on 
Ni(UO)  and  found  the  apparent  height  of  the  Xe  atom  in  the 
STM  image  was  in  agreement  with  the  expected  value  based 
on  an  atom-on-jellium  model  {D282).  They  also  note  that  the 
Xe  68  resonance,  which  is  the  origin  of  the  Fermi-level  local 
densiw  of  states,  is  responsible  for  the  observed  contrast  in 
the  STM  im^e.  Eigler  et  al.  have  developed  a  prototype  of 
an  atomic  bistable  switch  based  on  a  Xe  atom  which,  by 
applying  a  voltage  p<<lse  of  a  particular  sign,  can  be  positioned 
on  either  the  STM  tip  or  Ni  surface  (D^).  This  prototype 
system  has  potential  applications  for  manufacturing  small 
electronic  devices,  (see  ‘Surface  Modifications’,  below). 
Whitman  et  al.  have  demonstrated  the  manipulation  of  ad¬ 
sorbed  Cs  atoms  on  GaAs  and  InSb  by  application  of  a  voltage 
pulse  between  the  tip  and  sample  (D2&4). 

Hallmark  et  aL  investigated  the  molecular  orientations  and 
rotations  of  naphthalene  on  Pt(lU)  at  room  temperature  in 
UHV  {D285).  Magonov  et  al.  investigated  the  morphology 
of  thin  layers  of  2,3-Fe-naphthalo^anme  vapor  deposited  on 
amorphous  carbon  {D2^).  Regions  of  disorder  as  well  as 
arraw  of  stacks  with  periodicity  of  0.4  nm  in  a  row  and  1.5 
nm  Wween  stacks  were  observed.  Individual  molecules  of 
the  ferromagnetic  cmtal,  2-(4-nitrophenyl)-4,4,5,6-tetra- 
methyi-4,5-dinydro-Ln-imidaxolyl-l-oxy  S-ome,  were  imaged 
with  AFM  and  the  molecular  arrangement  was  found  to  be 
in  agreement  with  the  bulk  crystal  structure  (D287).  Nejoh 
has  studied  the  incremental  charging  of  a  single  molecule  of 
a  liquid  crystal  at  ro«n  temperature  and  observed  (juasi-pe- 
riodic  variations  in  the  current-voltu e  curves  which  were 
attributed  to  a  chaan  in  the  cha^  of  the  molecule  (D288). 

STM  has  been  used  in  oonjunction  with  election  micrwrobe 
analysis,  SIMS,  and  ATR  to  study  the  adsorptisin  of  CO  on 
Ft  and  Pd  (D2^).  Other  studies  concerning  CO  adsorption 
are  discussed  below  in  the  section  on  ‘ElectnKhemical  STM 
and  AFM.* 

0.7.  Polymers  with  Qiiaai-Crystsdline  FUma.  Polymer 
Procesting.  AFM  has  bwn  used  to  monitor  the  processing 
defects,  laser  conditioning  and  aging,  and  laser  beam  damage 
in  e-beiun  evaporation  deposited  antireflection  and  high-re¬ 
flection  coatings  (E290).  STM  has  been  used  to  determine 
whether  resolution  d^adation  occurring  in  undeveloped 
e-beam  resist  (polydiat^lene  negative  resist)  occurs  during 
the  exposure  to  the  50-kV  e-beam  or  during  resist  development 
(E29ll 

AFM  of  polyethylene  (I)  rods  during  extrusion  showed  the 
surface  parallel  to  the  extrusion  direction  consisted  of  zizzag 
chains  {D292).  Smaller  scans  showed  the  structure  of  indi¬ 
vidual  mioroflbrils  including  defects  in  the  chains.  Individual 
methylene  groups  have  alw  been  resolved  in  these  samples 
{D233).  Noncontact  force  microscopy  was  used  to  investigate 
the  aging  of  glassy  polymers  including  polystyrene  (I)  and 


poly(2,6-dimethylphenylene  oxide)  >D294).  Zhai  et  aJ  .lave 
used  AFM  to  motutor  the  radiation  damage  caused  by  .heavy 
ions  on  the  surface  of  a  polycarbonate  fUm  {D295) 

Lee  et  al.  have  used  a  variety  of  techniques  Licluding  ST.M 
to  show  that  implanting  Kapton  H,  Teflon  PFA.  Tefzel.  and 
Mylar  with  ions  such  as  B,  N.  C.  Si,  and  Fe  improves  their 
smoothness,  hardness,  and  wear  resistance  {D2%).  Using  a 
mode  of  the  STM.  baaed  on  charge  trapping, 
the  degree  of  uniformity  of  a  perfluoropolyether  film  on 
magnetic  thin*nim  rigid  diska  waa  atamined  and  found  to  be 
nonunifonn  near  scratched  regiona  (D2d7). 

Lotz  et  al.  have  used  AFM  to  image  the  lamellar  structure 

epitaxially  crystailued  on 
^nzoic  acid  (D2%).  Yang  et  al.  have  used  STM  to  image 
belief  and  superheh^  structures  m  polylethylene  oxide) 
Mmplexro  rontammg  KI  and  Nal  (D299).  .Mate  and  Novotny 
AFM,  XPS,  and  eUipsometry  to  show  that  phvsi- 
sorMd  fmorowbra  polymers  have  an  extended  structure  on 
solid  surfaces  {D300).  Tne  cUajoining  preaaure  of  a  monolaver 
of  polymer  waa  measured  by  AFIVT  Dietz  et  al.  have  uied 
AFM  to  image  polysuifone  and  polyether-polysuifone  ul¬ 
tranitration  membranes  of  different  sizes  in  the  dry  state  and 
in  the  presence  of  water  (D301}. 

^  correlate 

the  XPS  depth  resolution  to  the  sputter-induced  roughness 
in  AgN^doped  electrochemically  prepared  films  of  Fe- 
(vbpy)2(CN)j  homopolymei“poly(vbpy)  blends  Ivbpy  =  4- 
vinyl-4'- methyl- 2,2'- bipyridy 1)  (1)302) . 

Madsen  et  al.  have  measured  the  increase  in  the  surface 
area  of  electrochemically  prepared  polypyrrole  films  grown 
on  a  Pt  electrode  by  several  methods  including  sc  imp«iance 
meaauremenu,  SANS,  and  STM  (D303).  Ths  first  two 
techniques  indicate  an  increase  in  the  surface  area  of  40-50 
times  relative  to  Pt  while  the  STM  meaaurements  show  only 
a  2.2-foid  increase.  Everson  and  Helms  have  shown  that  the 
electrochemical  growth  of  thin  films  of  perchlorate-dop^ 
polypyrrole  on  HOPG  starts  as  small  islands  nucleating  near 
defect  sites  (D304). 


Porter  et  al.  have  imaged  both  chemically  and  electro- 
chemically  prepared  borate-subetituted  polyanilines.  Thev 
observed  that  the  chemical  preparation  resulted  in  small 
amorphous  conducting  domains  as  well  as  nonconducting 
domains,  while  the  electrochemical  preparation  yielded  con¬ 
ducting  amorphous  islands  and  polymer  coils  (D305).  Porter 
et  aL  have  also  imaged  amorpboua  ialanda  and  polymer  strands 
in  samples  of  chemically  and  electrochemically  prepared 
poly<3-nydrozyaniiine)  thin  films  (D306K  Jeon  et  al.  have 
studied  growth  of  thin  films  of  electropolymerized  poly¬ 
aniline  on  evaporated  Au  electrodes  and  have  measured  the 
v-r*  gap  of  tne  fully  protonated  emeraldine  salt  form  of 
polyaniiine  (0307). 

Armas  et  al  have  studied  the  morphology  and  coating 
homogeneity  and  discuaaed  the  mechaniams  of  conduction  in 
polyaniline  and  polypyrrole  colloids,  polyaniline-  and  poly- 
pynole-coeted  textile  substrates,  and  electrochemically  syn- 
theaized  pofyaniline  films  using  a  omnbinatitm  of  STM,  T^. 
SEM,  and  X-rays  (0308).  Tbms  rseearchen  have  used  a 
variety  of  techniques  to  characterize  several  polypyrrole- 

auartz  and  polyamline-quartz  composites;  STM  shows  that 
le  polymer  fluns  are  thin  and  uniformly  depoaited  over  the 
quartz  (0309). 

Kamrava  et  al  have  imaged  FeCl-doped  polythiopfaene. 
I-doped  Shirakawa  polyacetylene,  and  thm  films  of  undoped 
poly<4,4'-dibutyl-2,2'-bithiophene)  (D3J0).  The  pdythiophene 
nas  a  tamelle-like  structure  and  shows  low  or  undqisd  ialanda 
aurrounded  ^  highly-doped  regions.  Mizea  et  al  have  used 
STM  and  AF^  to  image  the  nowth  and  fibrillar  nature  of 
films  of  doped  and  undoped  polyacetylene  polyO-hexyi- 
thiophene)  and  polystyrene  and  discuaaed  the  Umiutiona  of 
these  techniquea  in  obtaining  atomic  raaolution(I>3i I).  Fuchs 
et  al.  imaged  poly(l-butene)(I)  films  on  HOPG  and  have 
observed  l(^nmflakea(J93I2).  Oka  and  Takahrahi  observed 
the  slightly  coUapaed,  global  ahapa  of  iodine-doped  poly(  .V- 
vinylcarbaxole)  deposit  on  HOPG;  however,  they  were  not 
able  to  resolve  any  details  of  the  polymer  structure  (0313) 
Wang  et  al  studied  the  effect  of  different  anodization  con¬ 
ditions  on  the  morphology  and  conductivity  of  polyphenol 
layers  on  GC  surfacea  (0314).  Yang  et  al  have  studied  chain 
conformation,  nucleation  and  film  growth,  and  the  effect  of 
counterion  doping  on  polypyrrole/poly(4-styrenesulfon8tei 
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on  graphite  and  Au/Si  surfaces  (D3I5). 

Molecular  Films.  Several  authors  have  used  STM  to  in¬ 
vestigate  the  ordering  of  liquid  crystals,  such  as  the  alkyl- 
cyanobiphenyls,  on  various  surfaces,  including  MoS;  and 
graphite  (D316~D321).  Nejoh  has  also  investigated  the  ori¬ 
entation  and  chemical  bondi^  of  liquid  crystw  on  a  poiy- 
imide  surface  several  techniques  including  X^.  STM^,  and 
XPS  and  compared  these  results  to  self-consistent  MO  cal¬ 
culations  {D322). 

Cm  has  been  imaged  on  both  Au  and  graphite  substrates 
(D3^).  Chen  et  aL  have  obtained  high  intramolecular  contrast 
in  imagi^  a  monolayer  of  C^n  Au  and  find  that  every  other 
C  atom  is  imaged  iD324).  STM  images  of  Cm  overlayers  on 
GaAs(llO)  show  a  wed-ordered  structure,  commensurate  with 
the  GaAs  surface,  and  two  types  of  adsorption  sites,  one  being 
elevated  due  to  stress  in  the  Cm  monolayer  (D325).  Li  et  al. 
have  used  STM  to  study  the  differences  in  monolayer  and 
multilayer  structures  of  Cm  grown  on  GaAs(llO)  at  various 
temperatures  and  the  effect  of  potassium  incorporation  into 
Cm  (D326).  Snyder  et  al.  have  used  AFM  to  image  Cm  de¬ 
posited  on  CaFjdll)  (D327). 

Leung  et  ai.  have  used  STM  to  image  both  single  chains 
and  ordered  monolayers  of  Mlydiacetylene,  which  has  non¬ 
linear  optical  properties,  on  HOPG  and  discuss  the  role  of  H 
bontUng  between  polymer  chains  (D328).  Hawley  and  Ben- 
icewicz  have  investigated  the  attachment  of  rigid  pendent 
groups  to  the  polymer  backbone  and  the  effect  of  salt  con- 
centratkma  <xi  the  m<Hphola^  of  a  wholly  aromatic  polyamide 
depMited  on  HOPG  (D32^.  Fujiwara  et  al.  have  ii^ed  a 
polyimide  LB  film  based  on  p^mellite  dianhydride  and 
4,4'-ozydianiline  on  graphite  and  compared  the  aligiiment  of 
the  polymer  chains  to  molecular  dynamics  calculations  (D330). 

Hansma  et  al.  discussed  the  usefulness  of  the  AFM  in  de¬ 
termining  the  thickness  and  quality  of  LB  films  and  presented 
images  of  Cd  arachidate  monolayers  on  mica  showing  surface 
defects  (D331).  Bourdieu  et  ai.  have  used  AFM  and  optical 
microscopy  to  characterize  LB  films  of  arachidlc  acid  and 
found  that  the  film  roughness  and  thickness  of  the  bilayen 
corresponds  to  the  fully  extended  aliphatic  chains  on  the 
substrate  (lU^).  Meyer  etaL  have  also  obtained  AFM  imam 
of  Cd  arachidate  (on  Si)  and  suneat  that  the  organized  film 
haa  an  orthorhombic  or  monocunic  cr^tal  structure  which 
is  independent  of  the  subetrate  periodicity  {D333). 

Weiaenhom  et  si  have  iihaged  LB  films  of  the  lipids  dl- 
o-dimyristoylphosphatidyletnianoiamine,  L-a-dimyristoyl- 
pbo^atidyd^oerm,  diocUriecyklimethvlammonium  bromide 
(DODAB),  and  1:1  DODAB/L-a-dipalmitoylphoaphatidyl- 
dyoerol  with  molecular  resolution  under  buffer  solution  using 
A^  (D334).  The  authors  present  imagee  of  DNA  adsorbed 
on  theee  films  and  discuss  their  usefulneca  as  subetrates  for 
binding  other  macromoleculet. 

Yang  et  al.  have  obtained  atomic  resolution  STM  images 
of  polv-o-o-glucote  which  show  only  oxygen  atoms  and  dis- 
cuaNa  thia  result  in  terms  of  X-ray  atffkactioo  studies  ID33S). 
McMaster  et  al.  have  imaged  an  ordered  crystalline  array  of 
polyfy-benxyl  L-glutamaw  and  diacuM  the  role  of  the  benni 
subetituenta  in  the  ofaaswed  o-helical  structure  (D336). 
Shigekawa  et  aL  obaareed  that  inclusion  molecules  (1- 
adamantanemethanot)  addad  to  a  mixture  of  a-  and  d-cy- 
clodextrina,  which  forai  as  oidaied  array  on  HOPG,  results 
in  the  disruption  of  tba  laniiar  structure  (Dd37).  Heckl  and 
Smith  have  applied  a  hi^  alactric  field  to  a  thin  ‘Hm  of 
glutaraldehyde  on  HOPG  to  form  dustera  and  suggaeted  that 
this  may  cause  the  electiopolymerization  of  the  molecules 
{D338).  They  extend  their  reeulta  to  a  diacuasion  of  the  role 
of  lateral  charge  transfer  in  imaging  low-conductivity  samples. 

Vandraberg  et  sL  have  used  STM  to  study  the  morpholoGr 
of  (3-aminopropyl)triethoimilane  films  deposited  on  SiOj 
surfaces  under  various  ctmtutions  of  solvent,  heat,  time,  and 
curing  environments  (D339). 

Dawson  et  ai.  have  used  STM  to  measure  the  surface 
rniighnosi  of  benzoic  add  dtrivativas  <m  thennallv  evaporated 
Ag  films  as  a  function  of  depotition  rata  {D340).  Rabe  and 
Buchholi  have  imaged  the  lamellar  structure  of  long-chain 
alkanas,  alcohols,  fatty  acids,  and  dialkylbenzane  on  HOPG 
ID341).  McGonigal  et  d.  have  also  imaged  the  two-dimen¬ 
sional  ordering  of  n-aUtane  and  n-aikanol  layars  on  HOPG 
(Dd42).  Armattong  and  Mulitr  have  used  STM  to  investigate 
benzotriazole  films  on  Cu  (D343).  LB  filma  of  behenic  acid, 
a  fatty  acid  bilayer,  deposited  on  HOPG  show  two  types  of 


periodic  molecular  arrangements  (D344)  Rabe  and  BuchhoU 
have  used  STM  to  investigate  the  motion  of  domain  bound¬ 
aries  within  s  molecular  monolayer  which  forms  a  2D  poly 
crystal  at  the  interface  between  the  basal  plane  of  graphic 
and  a  solution  of  didodecylbenzene  (D34S).  AFM  images  of 
platelet-type  monocrystals  of  linear  alkanes,  n-tritriaconiane. 
n-hexatriaconlane,  cyclic  alkanes,  cyclooctatetracontane.  and 
cyclodohepCacontane  all  showed  a  regular  surface  structure 
(D346). 

Widrig  et  aL  have  obtained  atomic  resolution  of  monolayer 
filma  of  ethanethiol  and  n-octadecanethiol  adsorbed  on  Au- 
(111)  {D347).  These  latter  films  form  hezagonaiJy  packed 
arrays,  in  agreement  with  He  diffraction  data  which  shows 
a  v3  X  \/3-R30*  structure.  Defect  structures  in  a  self-as¬ 
sembled  insulating  monolayer  of  CHjICHjIitSH  on  Aut  1 1  U 
have  been  imaged  by  electrochemically  depositing  metal  is¬ 
lands  in  the  defect  areas  (D348).  DeKoven  and  Meyers  found 
that  polycrjmtalline  Fe  surfaces  ezpoeed  to  perfluorodiethyi 
ether  exhibited  two  distinct  friction  coefficients  which  cor¬ 
responded  to  two  morphologically  different  regions  on  the 
surface  (D349). 

Keita  and  Nadjo  have  imued  a  regular  periodic  pattern 
of  HjPWijOto  depoaited  on  HOPG,  suggesting  that  individual 
molecules  are  imaged  {D3SQ).  Weinrach  et  al.  discuss  the 
superstructure  ud  CDW  superstructure  observed  in  images 
of  a  trapped-valent  Unear-chain  semiconductor  K4[Pt2(P2- 
OjHi)4Br].3H20  (D3SI). 

Miscellaneous  Studies.  Li  and  Lindsay  have  devised  a 
lateral  and  vertical  caUbration  standard  for  the  AFM  (for  the 
nanometer  to  micron  range)  which  involves  the  depMition  of 
polystyrene  latex  spheres  cmto  mica  to  form  crystalline  layers 
in  a  cubic  or  hexagonal  cloae-packed  arrangement  (D^2i. 

The  morphology  of  a  monolayer  of  Ag  particles  formed  in 
situ  in  aqueous  Na  bu(ethylhexyl)  sulfoauccinate  and  Ca 
alkylareneaulfonata  surfactant  revnsed  micellea  and  deposited 
onto  a  solid  subatrate  was  determined  by  STM  and  dynamic 
light  scattering  {D353). 

STM  and  AFM  have  been  used  to  characterize  the  mor¬ 
phology  and  thickneas  of  illita/ smectite  particles  from  the 
North  Sea  Juraaeic  oil  source  rock  (D354). 

Rauf  and  WaUa  have  compared  TEM  and  STM  images  of 
rrO  filma  and  found  that  the  two  tecfaniquee  give  generally 
conaistent  data;  however,  the  grain  size  in  the  STM  images 
is  larger  than  in  the  TEM  images  {D3SS). 

D,£.  Cryatalllae  Molecolar  Solids.  STM  studies  of 
several  different  conductive  organic  charge- tranafer  systems, 
including  TCNQ  complexee,  polymeric  complexes,  organic 
superconductors,  and  the  cha^e-tranafer  complexes  of 
TCNQ-salts  have  been  reported  {D3B6-D362).  The  mor¬ 
phology  and  electronic  properties  of  BEDT-TTF  [bis- 
(ethylenadithio)tetrafulvaiene)]  and  TMTSF  (tetrametbyi- 
tetraaelenafulvalene)  charge-transfer  conmlexee  have  been 
extensively  studied  using  STM  and  TS  {D363~D370). 

Ovemey  et  aL  have  used  AFM  to  aieign  lattice  parameters 
and  identify  two  tnnalationally  inequivalent  molecules  in  the 
unitceUofafre«-«UndingtetracenecTys^(D371).  Atomic 
resolution  <m  different  faces  oi  the  conductive  pwylene  radical 
cation  haxafluorophospbate  cryatals  have  also  bMn  obtained 
using  AFM  and  STM  and  discussed  in  reiation  to  crystallo¬ 
graphic  data  (D372).  AFM  was  uMd  to  examine  the  large-scale 
morphology  and  atomic  structure  of  single-crystal  poly{2.4- 
hexadiynylenebiafp-fluorobenzenesulfonate)]  and  its  corre¬ 
sponding  monomer  (D373). 

Grata  et  aL  have  investigated  Um  importance  of  ledge 
motion  to  the  diaeolution  and  growth  of  siUcatas  and  present 
AFM  imagea  duriiw  the  diaeolution  of  quartz  (D374).  Shindo 
et  aL  have  used  AFM  to  ima^  tha  arrangemant  of  O  atoms 
and  watar  moiaculas  oa  the  surface  of  cleaved  gypsum  (CaS- 
0«-2H20)  {D37St.  AFM  was  used  to  image  Kr  ion  tracks  on 
mica.  In  this  latter  study,  changes  in  the  elastic  properties 
of  the  mica  could  be  deduced  on  a  nanometer  scale  ID376). 

Jensen  et  sL  (D377)  have  urod  STM  to  image  a  zeolite  pore 
in  silkalite.  MacDougall  et  aL  (1X378)  have  used  AFM  to  im^ 
the  crystal  planta  of  several  natural  zaolitaa  including  scotedte, 
stilbita,  and  fapjaaita  both  in  air  and  under  aqueous  solution. 
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Meyer  et  al,  have  obtained  atomic  resolution  on  surfaces 
of  epitaxially  grown  AgBr(OOl)  films  using  AFM  and  suggest 


of  anions  {D381).  AFM  has  been  used  to  image  the  1001)  and 
( 1001  faces  of  aspirin  crystals  in  air  and  water  to  determine 
how  the  different  molecular  structures  at  each  face  relate  to 
the  differences  in  the  dissolution  rates  (D3S2). 

Slawska-Waniewska  et  al.  have  used  STM  to  investigate 
the  effect  of  ion  irradiation  on  the  morpholo^  of  FeCrSiB 
amorphous  ribbons  (D383).  Fukumoto  et  al.  have  obtained 
atomic  resolution  STM  images  of  hexagonal  boron  films  ^wn 
on  graphite  by  plasma  chemical  vapor  deposition  {0384). 

D.9.  Biological  Molecules.  Thompson  and  Elings  have 
reviewed  applications  of  STM  and  AFM  in  biological  sciences 
(D38S).  Condutive  organic  monolayers  and  nucleic  acids  have 
been  imaged  on  silicon  {D386)  using  STM.  Technitjues  to 
reduce  tip-surface  interactions,  which  can  easi'^  displace 
biomole^es  and  lead  to  irreproducible  images,  are  discussed 
in  the  same  report  Imagee  of  organic  and  biological  moleculw 
can  be  improved  by  immersing  samples  in  a  50%  glycerol- 
water  solution  {D387).  Two-dimensional  arrays  of  elec¬ 
troactive  and  photoactive  proteina  suittble  for  STM  imagi^ 
have  been  prepared  using  either  a  Langmuir-Blodgett  tech¬ 
nique  and/or  adaorption  method  (D388).  For  example,  using 
the  Langmuir-Blodgett  tcchnioue,  densely  packed  quasi- 
regular  mono  and  bimolecular  lilms  of  gramicidin  A  were 
formed  on  HOPG.  Single  moleculea  were  imaged  which  show 
a  cavity  of  0.4  nm  in  half-width,  conaiatent  with  molecular 
models  {D389). 

Leatherbarrow  et  al.  have  used  STM  to  examine  immu- 
noglobin  G  (IgG)  molecules  deposited  on  graphiu  and  con¬ 
firmed  their  trilobed  structure  as  shown  in  X-ray  crys^o- 
graphic  imagee  {D390).  Unlabeled  IgG  antibodies  complexed 
witn  Au-labeled  antigen  and  Au-lawled  IgG  antibodiw  have 
also  been  imaged  by  STM.  Details  of  their  molecular  or¬ 
ganization  have  been  reported  (D391). 

Images  of  glycogen,  phoaphorylaae,  and  phoaphorylase 
kinase  on  HOPG  have  been  reported  and  correlated  with 
measurements  iming  other  techniques;  anomalously  low  valuee 
of  the  apparent  height  of  these  molecules  are  observed  using 
STM(D»2).  STMhMsiwbeenuaedtoimMjAoepterylare 
kiruM  and  dimers  and  oligomers  of  phi^horylase  b  immo¬ 
bilized  on  a  charged  HOPG  surface  (D393). 

Miwa  et  aL  investigated  a  Ca’*-senaitive  monolayer  prote>n 
membrane  prepared  by  conjugating  calmodulin  wd  bo^e 
aannim  aibunun  st  th*  wr-wtcr  interface  (D394).  D^ptnding 
on  the  Ca’*  concentration,  the  protein  film  changes  from  an 
extended  structure  (with  Ca’*)  to  a  contracted  structure  (no 
Ca^'^)  as  a  result  of  conformational  changes  in  the  calmodulin. 

Images  of  tetrameric  cytokeratin  a-nelical  protein  [D396) 
and  the  globular  proteina,  lysozyme  and  chymotrypsinogen 
A  (0396),  deposited  from  lolutioD  on  graphite  have  also  been 
reported.  In  the  cawse  of  lyaosyme,  a  two-dimensional  array 
is  observed  with  a  characteriitic  p«iodkity  that  is  dependent 
on  the  initial  concentration  of  the  protein  in  solution.  For 
chymotryainogen  A,  amallsr  araaa  conaisting  of  a  two-di- 
menaionsd  structuM  vara  alao  ofaaerved.  Pizziconi  and  Page 
have  imaged  lamii^a  9(X)()(X)  MW  glycoprotein,  in  phoe- 
phate  buffer  on  HOTO  and  confirm  previous  electron  mi- 
creeoopy  imagea  show^  the  cruciform  structure  of  the  protein 
(D397).  Yeung  et  al  imaged  the  lipoprotein  ice  nucleator 
(LPIN)  from  the  hemolymph  of  Tipu^  trivittata  and  the 
non-ice-nucleating  lipoproteiis  from  Manduca  sexto  {D398). 

In  the  ftxmer  case,  the  LPIN’a  frnnted  alined  chain  stnicturea 

with  a  sndth  equal  to  two  lipoproteins.  Two  apolipoproteina 
of  the  LPIN,  Apo-I  and  Apo-II,  were  also  imaged  and  have 
a  plateUke  morphology.  Arnroin  et  al-  have  compared  STM 

and  TEM  imagea  of  the  hezagonally  packed  protein  monolayer 

found  in  the  outer  cell  wall  of  Deinococcu$  radiodurans 
(D399h 

Zhu  et  aL  imaged  the  right-handed  helical  structure  of  calf 
skin  collagen  m^ecules  airbed  on  graphite  and  measured 
a  perioiaty  of  ~31  A,  in  agreement  with  previoiM  biochem¬ 
ical  studies  {D400).  Miles  et  al.  imaged  the  spiral  structure, 
baaed  on  d-reverse  turns,  of  the  elastomeric  wheat  gluten 
proteina  {D401).  Masai  et  al.  obeerved  the  sheet- type  para- 
crystal  form  of  fibrous  actin  when  depoeited  in  the  presence 
of  MgClj  on  HOPG  and  allowed  to  air  dry  (D402). 
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One  of  the  four  D.N'A  bases,  guanine,  was  .magi-c  .n  ^ 
two-dimensional  ordered  array  composed  of  ciusea  pat  <t'a 
linear  chains  of  hydrogen-bonded  molecuies  on  HOPC  and 
MoSj  substrates  (0403).  Images  of  aggregetes,  as  well  as 
individual  molecules,  of  16S  rRNA  electrophoreticaJiy  de¬ 
poeited  on  HOPG  in  water  were  in  agreement  with  EM  dau 
(D404).  Keller  et  al.  im^ed  RNA  polymerase,  from  Es- 
chenchia  colt,  eiectrodepoaited  on  atomic^y  flat  Au  surfaces 
m  both  water-glycerol  and  high-humidity  environments 
(D40S).  The  molecule  appeared  as  either  ordered  arrays 
amorphous  features,  or  jaw-shaped  molecules  Time-de¬ 
pendent  studies  were  done  to  determine  the  binding  mec  ha 
nism  of  the  protein. 

Imaging  DNA  under  ambient  conditions  snd  m  reai  time 
a  one  of  the  more  popular  research  goals  due  to  the  potenuaJ 
for  sequencing  DNA  using  STM.  Lindsay  and  Phiiipp  have 
discussed  the  potential  success  and  difficuluee  in  using  STM 
to  sequence  DNA  (D4061  (See  also  the  section  on  'Carbon' 
c  *  *“*P**^  molecular  structures  obeerved  on  HOPG  > 
DNA  has  been  imaged  in  air  on  a  gr^hite  suhetrste  during 
replication  for  the  firat  time  (D407).  vWigquisi  et  si.  discuss 
contrast  mechanisms  for  imaging  DNA  U)40«) 

Images  showing  atomically  resolved  features  of  the  DNA 
molecule  on  HOPG  are  prerented  and  compared  to  s  modei 
of  the  van  der  Waali  surface.  Uncoated  DNA  molecules  wuh 
an  activated  trial l-aziridinyDphowhine  oxide  solution  have 
been  imaged  on  Au  subetrates.  The  molecules  are  several 
hundred  angstroms  long  srith  a  regular  inlrapenodicuy  of 
25-35  A  (D409).  High-resolution  images  show  the  phosphate 
groups  on  the  DNA  nackbone  in  the  minor  groove.  Cricentt 
et  aL  have  reported  tentative  observations  on  the  phosphate 
and  sugar  group  coinponsnta,  as  well  as  the  bases,  of  uncoated 
single-strand  DNA  mized  with  benzyldimethylalkyl- 
ammonium  chloride  and  deposited  on  Au  subetrates  tD4]0). 

A  method  for  covalently  attaching  mercurated  DNA  to  a 
-SH-modified  graphite  surface  have  been  reported.  The  co¬ 
valent  attachment  reduces  the  mobility  of  the  DNA  (D4li>. 
Bai  et  al.  have  identified  several  forms  of  DNA  including  s 
braided  triple-stranded  structure,  right-handed  and  left- 
handed  double  helical  forms,  and  a  tertiary  structure  lD4l2) 
Li  et  al.  have  imaged  tbe  B-foim  of  DNA  from  fish  sperm  and 
calf  thymua  and  txw  poly(dG-me5dC)  and  bromized  pdy-dCC 
Z-form  of  DNA  (D413).  Allen  et  al  imaged  synthetic  DNA 
on  HOPG  following  deaerbtioD  of  the  DNA  from  the  tunnelins 
tip  by  a  voltage  piw  lD414).  The  DNA  molecules  appeared 
to  be  depoeited  singly  or  in  highly  oriented  groups. 

In  tunneling  spectroecopy  ei^rimeote,  Linduy  et  al.  ad¬ 
sorbed  submonolayer  nuantitiee  of  DNA  in  trii(hydrozy- 
metbyDaminomethane  ouffer  onto  Au  electrodes  and  moni¬ 
tored  ^e  current  vs  voltage  U-V)  curves  over  the  DNA 
patdtes  and  tha  dean  Au  surface  (D4J5).  The  /-V  curvee  over 
tbe  DNA  patchee  did  not  depei^  strongly  on  the  tip  bias  and 
display  dWelike  charactenatics.  Lindsay  st  ai.  have  also 
dspoaitod  DNA  onto  graphite  and  Au  modified  with  Cr  ions 
and  tria(hydroxymetnylfaminomethane  buffer  (D416).  Re¬ 
producible  results  were  obtained  only  for  poaitively-charged 
Au  modified  electiodee  in  the  presence  of  DNA  fragments  snd 
the  salt,  making  Uie  images  difficult  to  interpret. 

AFM  has  also  been  used  to  study  DNA  as  well  as  other 
biological  molaculee.  Hanama  et  al.  obtained  AFM  images 
of  single-stranded  DNA  with  nucleotide  resolution  using  two 
different  lampie  preperation  techniquM.  In  one  method,  the 
DNA  was  covalently  atteched  to  a  polymerized  Upid  mono- 
layer  and  subaequenlly  imaged  uildet  water.  ^  The  second 
method  conaisteo  of  Mhmrbii^  DNA  on  mica,  riiMini  wi^a 
BaiNOOj  solution,  and  imaging  imder  #t^  UD4in.  The 
authm  tfiinwitiri  ptoblema  aaaooated  with  seqiwncing  DNA 
using  the  AFM. 

Friedbadiar  et  aL  obtained  atomically  resolved  ^agre  of 
preased  powder  samplee  of  piamo  clam  and  sea  urchin  shells 
Gsing  AFM  (D418).  Hanama  et  iJ.  to  obtain 

iMuuur  raaolution  imagea  of  IgM  and  UV  iighypolymenied 

films  of  the  lipid  dimethylWrfpentacoeadiynoyloxyethyl  am¬ 
monium  bromide  (D419).  The  polar  hewl  groups  of  the  lipid 
could  be  imaged.  Schmitt  et  aL  uaed  nuore«*nce  microeTOpy 
and  AFMto  inveatigate  the  specific 
of  a  biotinyUted  Upid  layer  and  s^ptaindin  (D4m  AFM 
and  fiuoreacence  microacopy  confirm  ^t  streptavidin  is 
adsorbed  only  to  the  fluid  matrix  of  the  compressed  iipid 
monolayer  at  the  *lectrolyte-lipid  interface.  The  hydrated 
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protein  surface  layer  of  D.  radiodurans  has  been  imaged  using 
the  attractive  imagi^  mode  of  the  AFM  (D421).  Two  forms 
of  fibrinogen,  a  tiinoduiar  and  globular  form,  have  been 
in^ed  on  SiOj  surfaces  using  AFM  ID422). 

The  photon  scann^  tunneling  microscope  iPSTM),  which 
relies  on  the  tunneling  of  photons  from  an  evanescent  wave 
to  a  sharpened  optical  fiber  probe  tip,  is  useful  for  examining 
electrically  insulating  samples  including  biological  molecules. 
Ferrell  et  aL  have  constructed  several  PSTM's  and  presented 
preliminary  images  of  E.  coU  (D423). 

E.  SURFACE  MODIFICATIONS 

STM  and  AFM,  which  are  based  on  physical  interactions 
between  the  probe  tip  and  the  substrate,  can  alter  and/or 
dainage  the  axmact  beuig  imaged.  In  favorable  circumstancea, 
tip  interactions  can  be  employed  to  intentionally  modify  the 
surface  or  to  arrange  molecular  or  atomic  species  in  a  spewed 
pattern  that  introduces  some  desired  interfacial  property. 
Most  research  in  this  area  during  the  past  year  focu^  on 
key  issues  underlying  the  mechanism  of  tip-induced  surface 
alterations  or  on  ‘proof  of  concept*  demonstrations  of  ma¬ 
nipulating  nanometer-sized  structures.  Related  suticles  are 
discussed  m  above  sections  on  ‘Theory”  and  ‘Instrumentation 
and  Probe  Tips'. 

Alterations  of  metal  surfaces  dur^  STM  scanning  has  been 
reported  by  several  groups.  Ohmoti  et  sL,  for  instance,  studied 
tm  mcffphological  changes  on  samples  of  Pd  and  Pt  and  found 
that  the  surface  roughness  of  these  metals  decreased  during 
imaging  (El).  The  authors  propose  that  electrostatic  forces 
between  the  STM  tip  and  metm  surface  are  responsible  for 
this  phenomenon.  Roberta  et  aL  generated  rectangular  pita 
in  ptuyoysudline  Au  by  scanning  a  small  porticm  of  the  surtaoe 
at  a  high  tip  bias  in  an  Ar  atmosphere  (E2).  They  also  in¬ 
vestigated  tbs  annealing  of  the  pita  as  a  fimction  of  time.  The 
decay  of  surface  plasmon  polaritons  in  an  Al-I-Au  thin  film 
tunnel  iunction,  as  evidenced  by  the  decay  of  visible  light 
emitted  from  the  Au-air  interface,  was  shown  to  result  mm 
smoothing  by  surface  diffusion  in  areas  where  the  tip  con¬ 
tacted  the  stmace  (E3).  Shear  and  compressive  forces  exist 
between  the  tunneling  tip  and  sample  surtaos  during  scanning 
and  have  been  diacuaeed  in  relation  to  anomalous  corrugations 
and  elastic  and  plastic  deformations  that  are  observed  in  STM 
topographic  images,  and  in  relation  to  anomaloualy  low  values 
obtamed  for  tunneling  barrier  heights  (£4).  Meefiagala  et  aL 
simuhaneousN  meaauied  the  tunnel  current  ai>d  force  between 
an  Au-coated  AFM  tip  and  Au  sample  under  atmospheric 
conditions  and  discuss  the  effects  or  surface  contaminants 
(£5). 

STM  tips  con  also  be  used  as  miniature  evaporation  sources 
for  atom  deposition.  Mamin  et  aL,  for  example,  have  used 
a  gold  STM  tip  as  a  solid-state  emission  source  for  dwposition 
of  luuiomster-sized  Au  clusters  (£6).  Field-itm  STM  (FI- 
STM)  has  been  used  to  inveatigate  the  degree  of  adsorption 
of  alkali  metals  (e.g.,  Cs,  K,  and  Li)  on  and  Si(100) 

surfaces  (E7,  ES). 

Surface  modification  at  the  nanometer  scale  has  potential 
appUcation  in  the  manifbotim  of  infonnatioo  storage  devices, 
although  it  a  noted  that  entant  STM  and  AFM  systems  are 
too  slow  for  any  form  of  large  scale  device  maniifacturing. 
Hartmann  et  al.  have  writtan  electronically  active  nanome¬ 
ter-scale  structures  in  a  %  p-p  junction  uaing  high  current 
densities  from  an  STM  tm  with  the  p-n  junction  biased  in 
the  forward  direction  (£9).  Lithography  on  IH-V  semicon¬ 
ductor  substrataa  using  an  STM  probe  has  been  discussed  as 
a  means  of  getMrating  nanometer-scale  oxide  masks  for  use 
in  the  mammacture  of Tow-dimenaiotral  hetmostructursa  (ElO, 
Ell).  Dobisi  and  Marrian  have  compared  the  minimum 
developed  line  widths  achisvaMe  by  nanoiithograidiy  with  the 
STM  tip  (27  nm)  with  those  obtain  by  exposure  to  a  IT-nm 
SO-kV  electron  beam  (95  nm)  (£12).  Using  a  Sl^,  Casillas 
et  sL  have  Mrrkated  5-35-nffl-radius  inlaid  Pt  disks  on  the 
surface  of  TiOj  (E13)  and  Fuchs  and  Schimmel  have  dem¬ 
onstrated  surface  modification  of  atomically  flat  areas  of  a 
p-doped  layersd  semiconductor,  WSe,  (£/4).  Nanometer-acale 
structuree  on  graphite  have  been  generated  in  the  preeence 
of  Ms;^  under  aifferent  tip  biasmg  and  tanneling  current 
oondiuotu  (£/5). 

Eigler  et  aL  have  demonstrated  a  prototype  of  an  atomic 
bistaole  switch  baaed  on  a  Xe  atmn,  which  can  be  positioned 
on  either  the  STM  tip  or  Ni  smdace  by  applying  a  voltage 


pulse  (£16).  Lyo  and  Avouris  have  also  discussed  the  use 
STM  to  fabricate  new  electronic  devices  by  applying  voitage 
pulses  to  the  STM  tip  to  manipulate  stems  (El  T). 

F  ELECTROCHEMICAL  STM  AND  AFM 
STUDIES  AND  SCANNING 
ELECTROCHEMICAL  MICROSCOPY 

STM  and  AFM  are  particularly  well-suited  for  studies  of 
electrodes  immersed  in  solutions,  providing  the  first  oppor¬ 
tunities  for  electrochemists  to  examine,  in  situ,  potential- 
dependent  reconstructions  and  adsorption  phenomena  at  the 
atomic  and  molecular  leveL  Imaging  s^tems  for  m  situ  studies 
were  developed  in  the  late  198te  and  are  not  reviewed  here: 
home-built  and  conusercial  STM's  with  capabilities  for  in  situ 
electrochemical  measurements  generally  allow  for  simulta 
naous  control  of  the  tip-to-substrate  bias  and  the  biaa  between 
the  subetrate  and  an  electrochemical  reference  electrode.  In 
addition,  the  tip  in  an  electrochemical  STM  experiment  must 
be  insulated  except  at  the  very  end  in  order  to  reduce  back¬ 
ground  faradaic  currents  that  interfer  with  measurement  of 
the  tunneliu  current.  Theee  difficulties  are  circumvented 
by  use  of  AFM,  which  has  been  more  frequently  employed 
during  the  past  few  years. 

Yaniv  ana  McCormick  reported  an  electrochemical  system 
with  potentioetatic/g^vanostatic  control  of  the  sample  and 
potentioetatic  capabilities  of  the  STM  tip,  and  used  this 
system  to  depoeit  Cu  and  Cd  on  HOPG  and  GC  (FI).  Ap¬ 
plication  of  tne  electrochemical  STM  in  studies  of  the  elec¬ 
trochemical  double  layer  structure  (F2)  and  use  of  imaging 
tunneling  spectroecopy  as  s  tool  for  spatial  mapping  of  the 
surface  eiecbooic  propeniee  of  electrodee  in  solution  (F3)  have 
been  diacuaeed. 

Hoobo  and  Itaya  have  studied,  in  situ,  the  electrochemical 
oxidation  of  Au(l(X))  in  aaueous  perchloric  add  and  monitored 
the  island  growth  msenaniam  of  the  AuOH  layer  (F4). 
Binggeli  et  aL  have  compared  the  moiphology  of  electro- 
chemically  Mliahed  Au(Ul)  electrodes  in  the  preeence  and 
absence  or  Pb  adsorbates  during  polarization  of  the  electrode. 
The  tranaititm  from  tunneling  to  point  contact  was  obaerved 
at  a  tunneling  reaiatance  of  x  10*  0,  in  agreement  with 
vacuum  reaulta  (£5). 

Trevor  and  Chidaey  studied  at  the  annealing  of  Audi  U 
surfaces  in  an  electiodsemkal  ceU  using  STM  aim  found  that 
the  pcocaas  was  dOBoinatsd  by  the  motion  of  ftep-sdge  adatoms 
rather  than  terrace  atoma.  Th^  suggsst  that  pit  motion 
reaulta  from  random  diffusion  of  step  adatoms  (£5).  Hol- 
land-MOTitz  et  sL  have  obaerved  both  reversible  and  irre¬ 
versible  roughening  of  the  Au(lll)  surface  m  KCI  and  a  de¬ 
pendence  of  the  siLface  roughneaa  on  the  concentration  of 
AgNOs  and  AgCIOi  eolutiona  (ET).  Tao  and  Lindsay  have 
shown  that  Au(lll)  reconstructs  to  the  n/3  x  22  surface  in 
the  pteience  of  H]0,  HCIO4,  and  NaH}PO«  (£B).  Weaver  aiKi 
co-workare  have  also  repoirted  atomicalJy-reeoived,  poten¬ 
tial-dependent  reooDstnictiona  of  Au(lOO)  (£9)  and  Au(lU) 
in  aqueoua  HCIO4  (FIO).  McCarley  and  Bard  found  that 
doting  Au(lll)  surface  with  aqueous  KI  resulted  in  a  3v  3 
X  3V3-RM*  adlattice  structure  (Fll). 

AFM  fate  been  employed  to  study  Uw  disordered  oxide  00 
Au(lll)  in  aqueous  perchloric  add  under  potential  control 
(£12)  and  to  obtain  atomically  reaolved  imaaee  of  a  Cu 
monolayer  lattice  on  an  Au(lll)  electrode  while  under  po¬ 
tential  control  in  varioua  electrolyte  solutiona  (F13).  Endo 
et  al.  imaged  the  initial  stagee  of  island  nowth  for  Ag  etec- 
trodepoaited  on  Au(lll)  under  potential  control  (£14), 

Oppeoheim  et  aL  studied  turuoe  diffiidon  in  Ag-Au  alloys 
in  duute  perchloric  acid  and  discuss  their  reeuits  within  the 
framewon  of  the  kink-ledge-terrace  modd  of  crystal  surfaces 
and  models  of  alloy  corroaion  baaed  on  percolation  theo^ 
(FIS).  The  anodic  diaaolution  of  Cu  from  a  Cu-Au  alloy  in 
the  presence  and  abeanoe  of  an  inhibitor  has  also  been  re- 
portM  and  compared  to  SEM  reeulta  (£16,  FIT). 

Hoepfner  et  aL  have  studied  chemically  polistMd  macroe- 
lectrodes  and  elactiolytiodly  grown  mkroeiactrades  in  air  and 
under  potential  control  in  aqueous  solutions.  In  contrast  to 
tbs  macnelectrodas,  the  mkxoeloetrodes  have  laim  atomically 
flat  terraces  separated  by  monoatomic  steps.  Dynamics  of 
these  steps  under  snodic  and  catbodk  polarization  was  studM 
as  well  as  the  nucleation  and  growth  of  Pb  electrodepoeited 
on  Ag(lll)  macroelactrodet  (F18).  Several  authors  have 
discussed  the  effects  of  electrochemical  oxidation-reduction 
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cycles  on  the  morphology  of  Pt(lU),  Rh(lU).  and  Pddlll, 
and  polyciystalline  A1  and  Fe  in  aqueous  H)SO,,  NaOH. 
borate  buffer,  and  HCIO4  {FI9-F22). 

Si  surfaces  have  also  bera  imaged  under  H2SO4  with  atomic 
resolution  using  electrochemicJ  STM  under  potentioetatic 
control  {F23).  Surface  roughening  during  anodic  photocor¬ 
rosion  of  n-GaAs(lOO)  has  also  been  discussed  {F24).  The 
morphology  of  CdS  films  deposited  on  an  arachidic  acid 
monolayer,  Ti-foil,  HOPG,  and  indium-coated  copper  were 
investigated  using  STM  (F25).  Sakamaki  et  ai.  studied  local 
light-induced  structural  transformations  that  occur  on  the 
MoSjjlOOOl)  surface  in  acetonitrile  {F26,  F27). 

Snnivasan  et  al.  have  obtained  molecular  resolution  images 
of  electrochemicaily  condetjsed  layers  of  guanine  on  graphite 
under  potential  control  {F28). 

IR  reflection-adsorption  spectroecopv  has  been  combined 
with  STM  to  characterize  the  CO  adlayer  on  Rh(lll)  in 
aqueous  solutions  {F29).  Depending  on  the  applied  potential, 
two  different  structures  are  obtained  corresponding  to  the  2 
X  2-3CO  and  3  x  v3  rect-4CO  unit  cells.  The  preference 
for  one  unit  cell  over  another  at  a  specific  applied  potential 
was  explained  in  terms  of  the  extent  of  dr-27*  metal-CO 
back-bonding.  In  situ  IR  spectroscopy  and  electrochemical 
STM  have  been  used  to  study  CO  on  Pt(lOO)  after  replace¬ 
ment  of  iodine  by  the  CO  {F30).  In  the  presence  of  iodine 
adlayers,  large  1  x  l  terraces  are  evident;  however,  upon 
exposure  to  aqueous  CO  the  number  of  smaller  1  x  l  islands 
increases  and  coalesces  at  positive  potentials.  The  results  are 
discussed  in  terms  of  the  predmninance  of  either  bridge-bound 
or  atop-coordinated  CO  molecules. 

Chang  et  al.  have  correlated  the  outer-sphere  electron- 
transfer  rates  of  eight  Co'^fNHa)^  complexes  (where  X  - 
t',  OSO^,  OH%  acetate,  and  three  organic  carboxylatee) 
to  toe  spatially  resolved  adlattice  sites  in  V7  x  %/?  and  3  x 
3  iodine-covered  Ft(lll)  surfaces  (F31).  Reactants  which 
contain  only  inorganic  ligands  have  a  higher  on  the  v  7 
X  y/l  than  on  the  3  X  3  lattice  while  those  complexes  con¬ 
taining  aromatic  carboxylate  ligands  show  no  adlattice  pref¬ 
erence. 

Scanning  electrochemical  microscopy  (SECM),  developed 
by  Bard  and  oo-workers,  is  a  scanned-probed  microscopy  based 
on  measuring  the  rate  of  faradaic  reactions  at  the  probe  tip. 
Although  the  spatial  resolution  of  SECM  (traically  0.5  *<m 
or  larger)  does  not  approach  that  of  STM  or  AFM,  the 
technique  has  some  unique  capabilities  for  investigating  the 
chemicm  activity  and  physical  properties  of  heterogenous 
surfaces.  Bard  et  al.  have  reviewed  the  principles  and  in¬ 
strumentation  of  SECM,  as  well  as  applications  for  funda¬ 
mental  studies  of  electrodes,  minerals,  and  biological  samples 
(F32).  A  transient  SECM  technique  has  also  b^n  reported 
by  the  same  group  that  allows  measurement  of  the  dinusion 
coefficient  of  a  redox  species  in  solution,  independent  of  co- 
centration  and  the  number  of  electrons  involved  in  the  re¬ 
actions  (F33).  Anson  and  co-workers  have  also  described 
SECM  imamng  of  small  Pt-disk  electrodes  (F34). 

Scott  et  d.  have  employed  an  SECM  to  'image*  the  local 
molecular  flux  of  electroartive  kms  acroas  a  pmous  membrane 
(F3S).  In  this  application,  the  SECM  measurement  yields  the 
pcm  structure  of  the  membrane  as  well  as  the  rate  of  transport 
within  individual  poias. 

Several  new  wann«H  probe  imaging  systems  were  reported 
during  the  last  year  that  are  baaed  on  measuriit([  either  the 
interfacial  potential  or  the  local  current  distribution.  Oriani 
and  co-worhers  reported  the  use  of  a  Kelvin  microprobe  to 
measure  the  corrosion  potential  pnffiles  across  surfaces  of 
galvinically-couplad  metms  in  himud  atmospheres  (F36).  The 
same  technique  was  used  by  Huang  et  al.  to  map  the  work 
function  distrilxition  acroas  thin  anodically-grtm  TiOj  films 
(F3^.  Isaacs  et  aL  have  «lapted  a  scanning  vibrating  probe 
(VSP)  technique  (F38)  to  measure  the  magnitude  and  di¬ 
rection  of  the  oorrosion  current  distribution  over  a  steel  surface 
IF39). 
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Kawaxu.  A.  Phya.  Paa.  B  mi.  44.  1870-2. 
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t013-6. 
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Sd.  Taehnd.  B  1331.  8,  1213-22. 
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(0400)  ZRu.  X.  Y.;  PsMar.  a  E.;  (MBa.  J.  M.  J  Vae.  Sd.  Taehnd  A  1331. 
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1331.  253.  1281-3 
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(0422)  Vhgran,  R.;  Ehring.  H.;  EHandaaon.  R  .  WaM.  S  .  loaidavoam.  ! 
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